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ABSTRACT 
 
The anthropogenic carbon dioxide (CO2) emission into the atmosphere, mainly 
through the combustion of fossil fuels, has resulted in a balance disturbance of the 
carbon cycle. Overwhelming scientific evidence proves that the escalating level of 
atmospheric CO2 is deemed as the main culprit for global warming and climate change. 
It is thus imperative to develop viable CO2 capture and sequestration (CCS) 
technologies to reduce CO2 emissions, which is also essential to avoid the potential 
devastating effects in future. The drawbacks of energy-cost, corrosion and inefficiency 
for amine-based wet-scrubbing systems which are currently used in industry, have 
prompted the exploration of alternative approaches for CCS. Extensive efforts have 
been dedicated to the development of functional porous materials, such as activated 
carbons, zeolites, porous organic polymers, and metal-organic frameworks (MOFs) to 
capture CO2. However, these adsorbents are limited by either poor selectivity for CO2 
separation from gas mixtures or low CO2 adsorption capacity. Therefore, it is still highly 
demanding to design next-generation adsorbent materials fulfilling the requirements of 
high CO2 selectivity and enough CO2 capacity, as well as high water/moisture stability 
under practical conditions. 
Metal-organic frameworks (MOFs) have been positioned at the forefront of this 
area as a promising type of candidate amongst various porous materials. This is 
triggered by the modularity and functionality of pore size, pore walls and inner surface of 
xi 
MOFs by use of crystal engineering approaches. In this work, several effective 
strategies, such as incorporating 1,2,3-triazole groups as moderate Lewis base centers 
into MOFs and employing flexible azamacrocycle-based ligands to build MOFs, 
demonstrate to be promising ways to enhance CO2 uptake capacity and CO2 separation 
ability of porous MOFs. It is revealed through in-depth studies on counter-intuitive 
experimental observations that the local electric field favours more than the richness of 
exposed nitrogen atoms for the interactions between MOFs and CO2 molecules, which 
provides a new perspective for future design of new MOFs and other types of porous 
materials for CO2 capture. Meanwhile, to address the water/moisture stability issue of 
MOFs, remote stabilization of copper paddlewheel clusters is achieved by strengthening 
the bonding between organic ligands and triangular inorganic copper trimers, which in 
turn enhances the stability of the whole MOF network and provides a better 
understanding of the mechanism promoting prospective suitable MOFs with enhanced 
water stability. 
In contrast with CO2 capture by sorbent materials, the chemical transformation of 
the captured CO2 into value-added products represents an alternative which is attractive 
and sustainable, and has been of escalating interest. The nanospace within MOFs not 
only provides the inner porosity for CO2 capture, but also engenders accessible room 
for substrate molecules for catalytic purpose. It is demonstrated that high catalytic 
efficiency for chemical fixation of CO2 into cyclic carbonates under ambient conditions is 
achieved on MOF-based nanoreactors featuring a high-density of well-oriented Lewis 
active sites. Furthermore, described for the first time is that CO2 can be successfully 
inserted into aryl C-H bonds of a MOF to generate carboxylate groups. This proof-of-
xii 
concept study contributes a different perspective to the current landscape of CO2 
capture and transformation. In closing, the overarching goal of this work is not only to 
seek efficient MOF adsorbents for CO2 capture, but also to present a new yet attractive 
scenario of CO2 utilization on MOF platforms. 
 
 
 
1 
CHAPTER ONE:  
INTRODUCTION 
 
1.1 CO2 Capture and Sequestration 
The release of carbon dioxide (CO2) into the atmosphere, mainly from the 
combustion of fossil fuels which has triggered global warming, climate change and other 
issues, is drawing unprecedented widespread concern. It is thus of significant 
importance to develop viable technologies to reduce CO2 anthropogenic emissions, 
which is also essential to avoid the potential risk of devastating effects in the future. In 
this chapter, initial discussion involves with the CO2 emission issue, current 
technologies and materials explored for CO2 capture and sequestration, and the 
utilization of CO2 as chemical feedstock. Then the introduction focuses on employing an 
emerging type of functional porous material, metal-organic frameworks (MOFs), for both 
CO2 capture and chemical conversion.  
 
1.1.1 CO2 Emission Issue 
The carbon cycle defines the movement of carbon and consists of a sequence of 
events among the atmosphere, the oceans, living creatures and Earth itself, which plays 
a key role in sustaining life along with the water cycle and nitrogen cycle. In ancient 
times, the carbon cycle maintained a balance between carbon generation and carbon 
2 
consumption, which helped to stabilize Earth’s temperature. However, since the 
industrial revolution, humankind’s activities have resulted in the balance disturbance of 
the carbon cycle by anthropogenic CO2 emission through the burning of fossil fuels, 
including coal, oil, and natural gas.1 As shown in Figure 1.1, the current atmospheric 
CO2 concentration has risen up to 402 ppm (part per million) from 280 ppm at the 
beginning of the industrial age (ca. 1750) giving a drastic increase of ~43.6%.2 CO2 has 
been identified as a primary component of greenhouse gases, which contribute to the 
greenhouse effect by adsorbing and trapping infrared radiation. It is worth noting that 
humankind’s activities are changing the carbon cycle not only by releasing large 
amounts of CO2 into the atmosphere via anthropogenic emissions, but also by 
influencing the capability of various natural sinks (forests, vegetation) to remove CO2 
from the atmosphere. 
 
Figure 1.1 Variation of atmospheric CO2 concentration over the past 58 years. 
(Reproduced with permission from webpage www.CO2.earth)  
3 
In particular, over the past century the global energy consumption has been 
explosively increasing with more than 85% of the current energy demand being 
provided by the combustion of fossil fuels. Given the rapid expansion of global 
population and the broad industrialization of more countries, fossil fuels will still remain 
as the primary energy source and anthropogenic CO2 emissions are projected to 
continue to escalate in the foreseeable future.3  
Overwhelming scientific evidence proves that the resultant escalating level of 
atmospheric CO2 is the main culprit causing global warming, climate changes and other 
serious environmental issues, which has drawn the unprecedented public concern all 
over the world. It is anticipated that the transition of the existing energy infrastructure 
from carbon-based sources to cleaner low-carbon alternatives is able to overcome the 
CO2 emission issue. However, such a process means considerable modifications on the 
current energy infrastructure and industrial implementation of the proposed yet 
immature technologies.4 Therefore, CO2 capture and sequestration (CCS) technologies, 
which can effectively and efficiently capture CO2 from existing emission sources, will 
play a unique and vital role in the interim period to a green low-carbon society.  
 
1.1.2 CO2 Capture and Sequestration Technologies 
In order to reduce the anthropogenic CO2 emission, the most challenging task 
lies in developing cost-effective and scalable CO2 separation technologies or methods 
for various CO2 generation processes, as illustrated in Figure 1.2.
5 On the basis of CO2 
generation and emission sources, several capture options have been indicated and 
implemented: (1) post-combustion capture requiring removing CO2 from flue gas; (2) 
4 
pre-combustion capture involving the separation of CO2 and H2; (3) natural gas 
sweetening including the purification of natural gas mainly compromised of CH4 and 
CO2.  
 
Figure 1.2 Three options for CO2 capture from various CO2 generation and emission 
processes. (Adopted with permission from Ref. 5) 
 
The CO2 capture and sequestration technology is a three-step process involving 
CO2 separation from fuel combustion or other industrial operations, CO2 transportation 
to injection and storage sites, and its final permanent underground storage. In contrast 
with the relatively mature technologies of CO2 transportation and storage,
6 the selective 
removal of CO2 from the flue gas and other sources still remains highly energy intensive 
and cost ineffective, which heavily slows down the broad deployment of commercial 
CO2 capture and sequestration plants. It is worth noting that the aforementioned barrier 
provides a great opportunity for chemists and material scientists to participate in CSS 
5 
research, which is to discover new adsorbent materials with outstanding CO2 separation 
performances.  
Until now three major approaches have been proposed and explored for carbon 
capture: absorption with liquid systems, membranes, and adsorption by porous solids. 
The current approach is dominated by absorption using an amine-based wet scrubbing 
system, however, the main drawbacks are considerable energy requirement for solvent 
regeneration and necessary use of inhibitors to control corrosion and oxidative 
degradation.7 Thus, research efforts are still needed to develop better liquid solvent 
systems that demand less energy for regeneration and demonstrate higher CO2 uptake 
capacity.  
The membrane-based separation and adsorption of CO2 depends on the 
different physical and/or chemical interactions between membrane materials and gas 
molecules, which result from the different kinetics (size) or thermodynamics (affinity).8 
Although extensive studies have been conducted on the membrane-based CO2 
separation over the last decade due to their simplicity and low energy requirement, 
achieving high performance of CO2 separation on the conventional membrane materials 
is very challenging, especially loaded with low CO2 partial pressure. 
Gas separation based on adsorption using porous materials has been intensively 
pursued for capturing CO2 from various sources. In contrast to the absorption process 
with liquid solvents, CO2 capture utilizing porous solids features the advantages of 
energy efficiency and facile regeneration, which can be regenerated by mild methods 
such as pressure-swing adsorption or temperature-swing adsorption. A diverse range of 
porous materials have been applied for CO2 separation, including activated carbons, 
6 
zeolites, metal oxides, mesoporous silicates and others.9 In recent years, a few 
emerging adsorbent materials such as metal-organic frameworks,10 porous organic 
polymers,11 and covalent-organic frameworks,12 are also investigated for CO2 capture 
technologies. However, currently available adsorbents are limited either by the poor 
selectivity for CO2 separation from gas mixtures, or by low CO2 adsorption capacity. 
Therefore, it is still highly demanding to design and synthesize the next generation 
adsorbent materials with both high CO2 selectivity and enough CO2 capacity. 
 
1.1.3 CO2 Utilization 
In contrast with CO2 capture and storage by sorbent materials, the chemical 
transformation of the captured CO2 into value-added products represents an alternative 
which is attractive and sustainable, and has been of escalating interest.13 CO2 could 
serve as an ideal C1 source for organic synthesis because of its abundance, nontoxicity, 
and potential as a renewable resource. Figure 1.3 depicts a variety of reactions utilizing 
CO2 as a chemical feedstock to produce a broad range of useful compounds, such as 
cyclic carbonates, dimethyl carbonate, polycarbonate, propiolic acid, formic acid and 
others.14 
The most well-known example utilizing CO2 as C1 source lies in naturally 
occurring photosynthesis process, which converts CO2, H2O and solar energy into 
carbohydrates and O2. Inspired by this, significant research efforts have been 
contributed to replicating the highly efficient natural process of photosynthesis using 
synthetic model systems under ambient conditions. The artificial synthetic systems thus 
can produce value-added compounds to replace dwindling fossil fuel reserves while 
7 
reducing CO2 concentration in the atmosphere. Nonetheless, the inertness of CO2 
makes it a formidable challenge to directly activate a CO2 molecule and form a C-C 
bond, particularly under mild reaction conditions.15 This challenge has triggered 
continuous yet intensive interest in the research of CO2 activation, for example, 
chemical fixation and reduction of CO2.
14-16 
 
Figure 1.3 A schematic representation of various reactions utilizing CO2 as a chemical 
feedstock to produce useful compounds. 
 
1.2 Metal-Organic Frameworks 
1.2.1 Concepts of MOFs 
Metal-organic frameworks (MOFs),17 also known as porous coordination 
polymers, have been emerging as a new type of porous material at a rapid pace over 
the past decades, capturing unparalleled attention from both academia and industrial 
8 
communities due to their structural regularity and synthetic tunability.18 Basically, MOFs 
are built from metal ions or in situ generated metal clusters (also known as secondary 
building units (SBUs)) that are interconnected by multidentate organic ligands via 
coordination bonds to afford two- or three-dimensional (2D or 3D) periodic crystalline 
networks featuring controllable channels or cages, shown in Figure 1.4. 
 
Figure 1.4 A schematic representation for the MOF synthesis from metal ions or 
clusters and organic ligands. 
 
A major driving force behind their exponential growth lies in their amenability to 
design: a desired structure can thus be targeted by judicious selection of the SBU and 
the organic ligand.19 Furthermore, their modular nature means that their pore sizes, 
pore walls, surface areas, and other structural features can be tailored by custom 
design of organic linkers.20 To date, tens of thousands of MOF structures have been 
deposited in the Cambridge Structural Database (CSD), and many of them exhibit 
permanent porosities upon the removal of guest solvents in nanocavities.21 In contrast 
to other classes of porous materials, such as activated carbons and zeolites, the 
9 
designable and modular features of porous MOFs have given them great potential for a 
plethora of potential applications, such as gas storage/separation,22 catalysis,23 
sensors,24 and others.25 
 
1.2.2 MOFs for CO2 Capture 
Of particular interest among these applications is to use MOFs as porous 
adsorbents for CO2 capture.
10 Depending on the pressure, CO2 adsorption studies on 
MOF platforms can be divided into two sections, high-pressure adsorption related to 
CO2 storage and low-pressure adsorption involved with CO2 selectivity or separation 
under atmospheric pressure. The key to CO2 adsorption under high pressure lies in the 
pore volumes of MOFs. However, in the following discussion we focus our attention on 
CO2 low-pressure uptake/selectivity and summarize the strategies applied to boost the 
CO2 capture performances.  
The isosteric heat of adsorption (Qst) for CO2 remains a key parameter to 
evaluate the performance of a given material for CO2 capture behaviors, which is 
defined as the negative differential change in total enthalpy of a closed system.26 
Typically the Qst is a positive value, while the enthalpy of adsorption (exothermic) is a 
negative quantity. The magnitude of Qst indicates the affinity of the pore surface toward 
CO2, which further determines the adsorptive selectivity and the energy required to 
release CO2 molecules upon regeneration.  
To increase the Qst of MOFs for CO2, several reported strategies, including 
increasing open metal sites, grafting functional groups, and controlling pore sizes, have 
been intensively explored and proved very useful.10 The open metal sites within MOF 
10 
networks are readily available upon the removal of coordinated terminal ligands (e.g. 
H2O, N,N-dimethylformamide or other solvent molecules) via desolvation at elevated 
temperature and/or under vacuum. When interacting with CO2 molecules, the obtained 
open metal sites serve as the charge-dense binding centers polarizing the CO2 
molecules. Other functional groups can also induce the dispersion and electrostatic 
forces to interact with CO2 molecules via dipole-quadrupole interaction. The modular 
feature of MOFs enables us to precisely control their pore size. When the pore size of a 
microporous material is located between the kinetic diameters of two gas molecules, the 
material can efficiently separate the two gases allowing the smaller molecule to diffuse 
into its pores and excluding the larger molecule by molecular sieving effect. 
Meanwhile, the water/moisture stability of MOFs remains a critical issue in the 
field, which heavily limits the broad applications under practical conditions.27 For 
instance, the moisture (5-7% by volume) in flue gas may lead to the decomposition of 
MOF structures. Therefore, how to address the water/moisture stability issue of MOFs 
becomes one of the most challenging obstacles when MOFs are being applied for CO2 
capture. 
 
1.2.3 MOFs for CO2 Utilization 
The nanospace within MOFs not only provides the inner porosity for CO2 capture, 
but also engenders accessible room for substrate molecules for catalytic purpose. 
Recently, numerous studies have been conducted to explore porous MOFs as 
heterogeneous catalyst systems for a wide range of chemical reactions.23 The 
persistent catalytic interest takes advantage of the uniform, continuous and permeable 
11 
well-defined nanocavities, which offer high-density catalytically active centers or 
functional groups on the accessible pore surface. Moreover, the recyclability and 
reusability of MOFs as heterogeneous catalysts would be highly attractive in large-scale 
reactions, given the costly and tedious separation of homogeneous catalysts from 
resultant products. 
With relevance to versatile CO2 chemical transformations, limited efforts have 
been made on utilizing MOF platforms compared to the well-studied CO2 capture on 
MOFs.28 Generally, the relatively stable and inert CO2 molecules can either be coupled 
with some highly reactive substrates, or (photo) reduced to some chemical fuels with 
energy input.14-16 Thus it can be anticipated that many opportunities lie ahead of us in 
such a developing field. With the aforementioned introduction, the following chapters 
focus on investigating MOF platforms for both CO2 capture and chemical transformation, 
strategically integrating carbon capture and heterogeneous catalysis together. 
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CHAPTER TWO:  
A PILLARED MOF INCORPORATED WITH 1,2,3-TRIAZOLE MOIETY EXHIBITING 
REMARKABLE ENHANCEMENT OF CO2 UPTAKE 
 
Note to Reader 
Portions of this chapter have been previously published in Chem. Commun., 
2012, 48: 8898-8900, and have been reproduced with permission from the Royal 
Society of Chemistry Publishing. 
 
2.1 Introduction 
Over the last decade, MOFs1 have been developed into a promising sort of 
functional porous materials by judiciously custom-designing organic linkers and carefully 
selecting metal ions or clusters as nodes.2 Via self-assembly of custom-designed 
organic ligands and metal-containing secondary building blocks (SBUs), the modular 
construction of MOFs has been well established, and the structural topology of MOFs 
could also be predicted. Owing to high porosity and pore tunability,3 MOFs have 
exhibited potential for a wide range of applications such as gas storage,4 separation,5 
heterocatalysis,6 sensor7 and other areas.8 Of particular interest among those 
applications for MOFs is CO2 capture, which has attracted escalating attention due to 
global warming mainly triggered by the emission of CO2 from the combustion of fossil 
15 
fuels.9 An important context of CO2 capture by MOFs lies in developing various 
strategies to enhance the CO2 adsorption capacity at ambient temperatures.
10 One of 
the well-studied strategies to enhance CO2 capacity is to expose coordinatively 
unsaturated open metal sites typically via thermal liberation of coordinated labile 
ligands,11 and this has afforded exceptionally high CO2 uptake capacities in some MOFs, 
e.g. MOF-74 series.12 However, the open metal sites can rapidly re-adsorb water 
molecules thus inevitably leading to remarkable drop in CO2 uptake capacity upon 
exposure to moisture.13 Another widely explored strategy is to introduce chemical 
bonding with CO2 molecules by grafting functional amine groups into MOFs via the 
route of post-synthetic modification.14 Although amine-grafted MOFs have demonstrated 
significant enhancement of CO2 uptake
15 or even exhibited record isosteric heats of 
adsorption of 90~100 kJ mol-1,16  substantial amount of energy is required to break the 
CO2-amine chemical bonding during the regeneration process.  In this contribution, we 
report a different strategy by incorporating 1,2,3-triazolate moiety that features exposed 
N-atoms as relative moderate Lewis base centers compared to amine groups to 
enhance the CO2 uptake in MOFs.  The incorporation of 1,2,3-triazolate moiety into a 
pillared MOF has led to remarkable enhancement of CO2 uptake capacity as well as 
significant boost of heats of adsorption for CO2.  
Pillared MOFs have recently been widely explored as a type of platforms for gas 
storage/separation, and they consist of two-dimensional (2D) layers that have ligating 
sites for linkage with ditopic pillars usually of dipyridine derivatives into three-
dimensional (3D) architectures.17 Their structures and properties are readily to be tuned 
by functionalizing either the linkers within the 2D layers or the ditopic pillared ligands. 
16 
One of the prototypal pillared MOF structures is MOF-508,18 in which the 2D layers 
based upon 1,4-benzenedicarboxylate (bdc) and the dizinc paddle-wheel cluster are 
pillared by 4,4'-bypyridine (bpy) to afford a 3D two-fold interpenetrating α-Po network 
(Figure 2.1). To decorate MOF-508 with 1,2,3-triazolate moiety, we designed a new 
dipyridine derived ligand, 4,4'-(2H-1,2,3-triazole-2,4-diyl)dipyridine (tadp). As expected, 
the self-assembly of tadp with bdc and dizinc paddle-wheel cluster gave rise to MTAF-3 
(Metal-TriAzolate Framework, MTAF),19 which is isostructural with MOF-508 but exhibits 
much higher CO2 uptake capacity than the parent MOF-508. 
 
Figure 2.1 Illustration of approaches to constructing MOF-508 and MTAF-3.  
 
2.2 Experimental Section 
2.2.1 General Methods 
Commercially available reagents were purchased as high purity from Fisher 
Scientific or Frontier Scientific and used without further purification. Thermogravimetric 
analysis (TGA) was performed under nitrogen on a TA Instrument TGA 2950 Hi-Res 
from 30oC to 450 oC at the speed of 5 oC/min. Powder X-ray diffraction (PXRD) data 
were recorded on a Bruker D8 Advance X-ray diffractometer at 40 kV, 40 mA for CukR 
17 
(λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) and a step size of 0.05° in 2θ at 
room temperature. Gas adsorption isotherms of MTAF-3 were collected using the 
surface area analyzer ASAP 2020. Before the measurements, the freshly prepared 
samples were exchanged with methanol for 3 days. N2 gas adsorption isotherm was 
measured at 77K using a liquid N2 bath. CO2 isotherms were measured at 273K using a 
water-ice bath and at 298K with a water bath. MOF-508 sample were prepared by the 
literature.18 
 
2.2.2 Ligand Synthesis 
4-iodopyridine (1 mmol) and ethynyltrimethylsilane (2 mmol) were suspended in 
a solution of 50 mL dry THF and 5 mL Et3N under N2 atmosphere. Pd(PPh3)4 (0.005 
mmol) and CuI (0.015 mmol) were added. The reaction mixture was stirred for 12 hours 
at 60oC and subsequently evaporated and chromatographed (silica gel, EtOAc/hexane 
= 1:10) to give the product as a yellow liquid (75% yield). 
Into a round-bottom bottle (25 mL) was successively added 4-(1H-1,2,3-triazol-4-
yl)pyridine (1 mmol), potassium carbonate (345 mg, 2.5 mmol), L-proline (23 mg, 0.2 
mmol), copper(I) chloride (10 mg, 0.1 mmol), and 4-iodopyridine (1.2 mmol) in DMSO 
(10 mL) under N2 protection. The reaction mixture was stirred and heated up to 85 °C 
for 12 h, and the reaction progress was monitored by TLC. After the reaction was 
completed, water (20 mL) was added to quench the reaction. The mixture was extracted 
with ethyl acetate (3×30 mL). The combined organic phases were washed with brine (50 
mL) and dried with anhydrous Na2SO4. The solvent was removed under reduced 
pressure to get a residue and the residue was purified by flash silica gel 
18 
chromatography (hexane/ethyl acetate 1:1) to give the product 4,4'-(2H-1,2,3-triazole-
2,4-diyl)dipyridine as the white solid (yield: 82%). m.p. 204-206 oC; 1H NMR (600 MHz, 
CDCl3): δ 8.77 (d, J = 6.0 Hz, 2H), 8.75 (d, J = 6.0 Hz, 2H), 8.23 (s, 1H), 8.05 (d, J = 6.0 
Hz, 2H), 7.79 (d, J = 6.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 151.3, 150.5, 147.7, 
145.4, 136.8, 134.6, 120.5, 112.8; HRMS Calculated for [C12H9N5+H]
+: 223.0858, Found: 
223.0864. 
 
2.2.3 MOF Synthesis 
A mixture of terephthalic acid (H2BDC) (30mg), Zn(NO3)·6H2O (90mg), 4,4'-(2H-
1,2,3-triazole-2,4-diyl)dipyridine (tadp) (15mg) and N,N’-diethylformamide (DEF) 
(10.0mL) was put into 20 mL vial and heat to 85 oC for 48 hours. The resulting cubic 
yellow crystals, as [Zn4(BDC)4(TADP)2](DEF)2(H2O), were obtained (yielding: 75% 
based on tadp). 
 
2.3 Results and Discussion 
Yellow block crystals of MTAF-3 were obtained via solvothermal reaction of bdc, 
tadp and Zn(NO3)2·6H2O in N,N-diethylformamide (DEF) at 85 
oC for 48 hours. Single-
crystal X-ray crystallographic studies reveal that MTAF-3 crystallizes in the space group 
C2/c with a formula of [Zn4(BDC)4(TADP)2](DEF)2(H2O) as estimated from 
crystallographic data, elemental analysis, and TGA studies. As predicted, MTAF-3 is 
isostructural with MOF-508 (Figure 2.2a), and it is composed of paddle-wheel dinuclear 
zinc carboxylate units [Zn2(COO)4] that are bridged by the BDC ligands to form distorted 
2D square grids, which are pillared by tadp ligands instead of bpy via coordinating the 
19 
axial sites of the [Zn2(COO)4] paddle wheels to result in a 3D framework with α-Po 
topology (Figure 2.2b). It’s worth noting that the nitrogen atoms on the 1 and 3 positions 
of the 1,2,3-triazole moieties are oriented to the channels and are accessible for guest 
molecules to interact with. Similar to MOF-508, MTAF-3 also possesses two-fold 
interpenetration, which reduces its pore size to ~4.6Å (Figure 2.2c and d). However, 
MTAF-3 is still porous and has a solvent accessible volume of 39.4% calculated using 
PLATON, which is higher than that of MOF-508 (12.1%).20 
 
Figure 2.2 (a) Building unit of MOF-508; (b) Building unit of MTAF-3; (c) Space-filling 
picture of interpenetrating MTAF-3 from b direction; (d) Space-filling picture of 
interpenetrating MTAF-3 from c direction. 
 
The phase purity of bulk sample of MTAF-3 was confirmed by powder X-ray 
diffraction (PXRD) studies (Figure 2.3). Thermogravimetric analysis (TGA) of the fresh 
20 
MTAF-3 sample revealed a weight loss of about ~32% from 30 to ~200oC 
corresponding to the loss of guest solvent molecules of DEF and H2O trapped in the 
channels; it is followed by a steady plateau from ~200 to 400oC before complete 
decomposition of the framework (Figure 2.4). TGA studies on the solvent-free MTAF-3 
sample (Figure 2.4) further confirmed its thermal stability of up to ~400oC, and also 
highlighted the robustness of the two-fold interpenetrating pillared framework of MTAF-3. 
 
Figure 2.3 Powder X-ray diffraction patterns of MTAF-3. 
 
Figure 2.4 Thermogravimetric analysis plots of MTAF-3. 
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To assess the permanent porosity of MTAF-3, gas adsorption studies were 
conducted on the activated sample. As shown in Figure 2.5, the N2 isotherm at 77K 
reveals that MTAF-3 exhibits an uptake capacity of ~300 cm3 g-1 at the saturation 
pressure with typical type-I adsorption behaviour, as was expected for microporous 
materials. Derived from the N2 isotherm at 77K, MTAF-3 possesses a Brunauer-
Emmett-Teller (BET) surface area of 1175 m2 g-1 (P/P0 = 0.01-0.1) corresponding to a 
Langmuir surface area of 1307 m2 g-1 (P/P0 = 0.9). The BET surface area of MOF-508 is 
743 m2g-1 (Langmuir surface area: ~900 m2 g-1), which is comparable to that reported in 
the literature.18 Therefore, the decoration of MOF-508 with 1,2,3-triazole moieties has 
resulted in an increase of  ~60% in BET surface area. 
 
Figure 2.5 N2 adsorption isotherms of MTAF-3 and MOF-508 at 77 K. 
 
The orientation of two open nitrogen atoms in each 1,2,3-triazole moiety toward 
the channels may facilitate the interactions with CO2 molecules, and this prompts us to 
evaluate the CO2 uptake performances of MTAF-3. As shown in Figure 2.6, MTAF-3 
can adsorb a substantial amount of CO2 with a uptake capacity of 10.0 wt% at 273K 
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under 1 atm of pressure, meaning an enhancement by a factor of 2.7 compared to 
MOF-508 under similar conditions. It has been well documented that the enlargement of 
pore sizes will lead to decrease of low pressure CO2 uptake of MOFs at ambient 
temperatures despite the increase of surface area.10a Therefore, we speculate that the 
remarkable enhancement of CO2 uptake observed for MTAF-3 could be mainly 
attributed to the stronger CO2-framework interactions exerted by the Lewis base 
nitrogen atoms of 1,2,3-triazole moieties. This could be inferred from the shapes of the 
CO2 adsorption isotherms for MTAF-3 and MOF-508, and the steeper slope is the 
stronger interactions between the framework and CO2 gas molecules.
21 We calculated 
the heats of adsorption (Qst) of CO2 for MTAF-3 and MOF-508 based upon the CO2 
adsorption isotherms at 273K and 298K using the virial method.22 As shown in Figure 
2.7, MTAF-3 exhibits a constant Qst of ~29 kJ mol
-1 , which is ~3 kJmol-1 higher than 
that of MOF-508 (Qst of ~26 kJ mol
-1). These results further validate the contribution of 
1,2,3-triazole moieties to the enhancement of CO2 uptake in MTAF-3. 
 
Figure 2.6 CO2 adsorption isotherms of MTAF-3 and MOF-508 at 273 K. 
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Figure 2.7 Heats of adsorption of CO2 for MTAF-3 and MOF-508. 
 
2.4 Conclusion 
In summary, the incorporation of 1,2,3-triazole moiety into the prototypal pillared 
MOF, MOF-508, using the custom-designed pillar ligand, 4,4'-(2H-1,2,3-triazole-2,4-
diyl)dipyridine, afforded a porous metal-triazolate framework, MTAF-3, which 
demonstrates remarkable enhancement of CO2 uptake capacity by a factor of ~3 and a 
significant increase of Qst of CO2 by an average of ~3 kJmol
-1 compared to the parent 
MOF-508. The strategy of incorporating 1,2,3-triazole functional groups that provide 
moderate Lewis base centers into MOFs represents a promising way to construct new 
types of porous MOFs with enhanced CO2 uptake performances. 
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CHAPTER THREE:  
A POROUS MOF BASED ON A MACROCYCLIC TETRACARBOXYLATE LIGAND 
EXHIBITING SELECTIVE CO2 UPTAKE  
 
Note to Reader 
Portions of this chapter have been previously published in CrystEngComm, 2012, 
14: 6115-6117, and have been reproduced with permission from the Royal Society of 
Chemistry Publishing. 
 
3.1 Introduction 
By virtue of high porosity, tunable pore size and large internal surface area,1 
metal-organic frameworks (MOFs)2 have been highlighted as promising candidates with 
potentialy for applications in gas storage,3 separation,4 heterocatalysis,5 sensor6 and 
other areas.7 Over the past decade considerable attention has been attracted to 
constructing microporous MOFs via self-assembly of multifunctional organic ligands and 
metal ions or clusters.8 Carboxylate-based linkers have been predominantly employed 
for the construction of MOFs and many of them have been developed into prototypal 
platforms, such like HKUST-1,9 MOF-5,10 MOF-74,11 MOF-505,12 rht-MOF-1,13 etc. 
Under the concept of reticular systhesis,14 the properties of prototypal MOF platforms 
can be targeted via functionalizing the organic linkers. Meanwhile, the versatile 
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coordination feature of carboxylate donor group can afford diverse structures, as 
particularly observed for MOFs based upon flexible ligands.15  
Azamacrocycle-based ligands represent a type of flexible ligands, and their 
intriguing properties afford them wide applications for activation of small molecules,16 
ion recognition and capture17 in the supramolecular chemistry. This could also provide 
an opportunity to establish a new type of functional MOFs accompanied with the 
ascendency of macrocycles in host-guest chemistry, although flexible macrocycle 
ligands have rarely been explored for MOFs.18  
To combine the coordination diversity of carboxylate group and the merits of 
flexible macrocycle, in this contribution, we designed an azamacrocyclic 
tetracarboxylate ligand, 1,4,7,10-tetrazacyclododecane-N,N',N'',N'''-tetra-p-
methylbenzoic acid (tactmb) (Figure 3.1a). The self-assembly of the tactmb ligand with 
Cd(II) under solvothermal conditions gave rise to a microporous MOF, termed MMCF-1 
(MMCF denotes Metal MacroCycle Framework) which possesses two-fold 
interpenetrating three dimensional (3D) structure, as well as exhibits interesting 
selective uptake of  CO2 over N2.  
 
3.2 Experimental Section 
3.2.1 Ligand and MOF Synthesis 
The H4tactmb ligand was prepared as the following procedures. To a solution of 
1,4,7,10-tetracyclododecane (3mmol, 516mmg) and methyl 4-(bromomethyl)benzoate 
(14.4 mmol, 3.3g) in 200 mL of CH3CN, potassium carbonate (4.0g, 29 mmol) was 
added. The suspension was refluxed for 24h. The solvent was removed, and the 
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residue was partitioned between CH2Cl2 and water, extracted water phase with CH2Cl2 
(100 mLx3). The combined organic layer was washed with brine, dried with sodium 
sulfate, crystallized from mixture solvent of hexane and ethyl acetate to afford product 
(1.62g, 73%). This solid was dissolved in methanol (100 ml), and a solution of 
potassium hydroxide (0.94g, 17mmol) in water (5 ml) was added. The solution was 
refluxed overnight. The volatile was evaporated under reduced pressure, and the 
solution was neutralized with HCl (1M). Then precipitated solid was washed thoroughly 
with deionized water. The solid was collected and lyophilized to give product 
H4tactmb(1.02g, 69%). 
A mixture of H4tactmb (0.003g), Cd(NO3) ·4H2O (0.010g) and 1.0 mL 
dimethylformamide (DMF) was sealed in a Pyrex tube under vacuum and heated to 105 
oC for 48 hours. The resulting colorless block crystals of MMCF-1 were obtained 
(yielding: 65% based on the ligand). 
 
3.2.2 General Methods 
Commercially available reagents were purchased as high purity from Fisher 
Scientific or Frontier Scientific and used without further purification. The single crystal X-
ray diffraction data of MMCF-1 were collected using synchrotron radiation, λ = 0.49594 
Å, at Advanced Photon Source, Sector 15-ID-B, Argonne National Laboratory. 
Thermogravimetric analysis (TGA) was performed under nitrogen on a TA Instrument 
TGA 2950 Hi-Res from 30oC to 700 oC at the speed of 10 oC/min. Gas adsorption 
isotherms of MMCF-1 were collected using the surface area analyzer ASAP 2020. 
Before the measurements, the freshly prepared samples were washed with methanol, 
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and then activated with supercritical CO2 in a Tousimis Samdri PVT-3D critical point 
dryer. CO2 gas adsorption isotherm was measured at 195K using a liquid acetone-dry 
ice bath, while CO2 and N2 gas adsorption isotherms were measured at 273K using a 
water-ice bath. CO2 gas adsorption was also collected at 298K with a water bath. 
 
3.3 Results and Discussion 
  The colorless block crystals of MMCF-1 were obtained by reacting the tactmb 
ligand with Cd(NO3)2·4H2O in N,N-dimethylformamide (DMF) for 48 hours. Single-
crystal X-ray crystallographic studies conducted using synchrotron radiation at the 
Advanced Photon Source, Argonne National Laboratory, revealed that MMCF-1 
crystallizes in the space group P21/c. The asymmetric unit of MMCF-1 contains two 
Cd(II) ions, one tactmb ligand and one coordinated water molecule. The seven-
coordinated Cd atom (Cd1) connects with six oxygen atoms of three carboxylate groups 
from three different tactmb ligands and one oxygen atom from the coordinated water. 
The other Cd atom (Cd2) is located in the center of the macrocycle of the tactmb ligand, 
and it is coordinated with four nitrogen atoms of the macrocycle and two oxygen atoms 
of one carboxylate group from another tactmb ligand. Each tactmb macrocycle ligand 
links with three seven-coordinated Cd atoms (Cd1) and one six-coordinated Cd atom 
(Cd2) that is located in the macrocycle center of another tactmb ligand through four 
carboxylate groups to form an overall 3D structure of MMCF-1. 
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Figure 3.1 (a) The tactmb ligand; (b) The coordination unit of MMCF-1; (c) The two-fold 
interpenetrating structure viewed from b direction; (d) The two-fold interpenetrating 
structure viewed from c direction.   
 
Topologically, MMCF-1 can be described as a two-fold interpenetrating (6,3) 
network, in which two tactmb ligands that are bridged together by two methylbenzoate 
moieties through Cd2 within macrocycle can be regarded as an overall 6-connected 
node while Cd1 itself serves as the 3-connected node to link with three independent 
carboxylate groups (Figure 3.1b). MMCF-1 is porous and has a solvent accessible 
volume of 63% calculated using PLATON.19 MMCF-1 possesses two sorts of 
rectangular channels (4.8×6.8 Å, 7.5×8.2 Å, atom to atom distance) along the 
crystallographic b and c axis, respectively (Figure 3.1c and d). 
Thermogravimetric analysis (TGA) (Figure 3.2) of the fresh MMCF-1 sample 
reveals a weight loss of ~38% from 30 to ~200 oC corresponding to the loss of guest 
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DMF solvent molecules trapped in the channels and coordinated water molecules. The 
plot is followed by a steady plateau from 200 to 320 oC before complete decomposition 
of the framework. The thermal stability was confirmed by the TGA studies on the 
solvent-free MMCF-1 sample (Figure 3.2), highlighting the robustness the porosity of its 
framework. 
 
Figure 3.2 Thermogravimetric analysis plots of MMCF-1. 
 
To evaluate the permanent porosity of MMCF-1, gas adsorption studies were 
performed on the activated sample. As shown in Figure 3.3(a), the CO2 adsorption 
isotherm collected at 195K reveals that MMCF-1 exhibits an uptake capacity of 140 cm3 
g-1 at one atmosphere pressure with typical type-I adsorption behavior, as expected for 
microporous materials. Derived from CO2 adsorption data at 195K, MMCF-1 possesses 
a Brunauer−Emmett−Teller (BET) surface area of ~500 m2 g-1 (P/P0 = 0.01−0.15), 
corresponding to a Langmuir surface area of ~600 m2 g-1 (P/P0 = 0.9). To our knowledge, 
MMCF-1 represents the first example of permanently porous MOF based upon a flexible 
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tetraazamacrocycle ligand, while there have been reported several MOF structures 
constructed from other azamacrocycle ligands.18  
 
Figure 3.3 (a) CO2 adsorption isotherm of MMCF-1 at 195K; (b) Gas adsorption 
isotherms of MMCF-1(black, CO2 at 273K; red, CO2 at 298K; blue, N2 at 273K ); (c) 
Heats of adsorption of CO2 for MMCF-1; (d) IAST-predicted selectivity of the mixture of 
CO2 and N2 for MMCF-1. 
 
It has been well-documented that grafting primary, secondary, or tertiary amine 
groups into porous MOFs can significantly increase the CO2 binding affinity although 
sometimes at the expense of scarifying the uptake CO2 capacity due to the decreased 
surface area.20 The azamacrocycle of tactmb ligand features four tertiary amines, and 
this prompts us to investigate the CO2 uptake performances of MMCF-1. As shown in 
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Figure 3.3(b), MMCF-1 can adsorb substantial amounts of CO2 with the uptake 
capacities of 13.1 wt % at 273K and 9.0 wt % at 298K under 1 atm of pressure. These 
values are comparable to the best performing ZIF material (ZIF-20, 13.7 wt % cm3/g at 
273 K and 1 atm)21 but are moderate compared to some highly porous MOFs due to the 
much lower surface area of MMCF-1.22 However, it’s worth noting that the shape of CO2 
adsorption isotherms is an indication of relatively strong interactions between MMCF-1 
framework and CO2 gas molecules. We calculated the heats of adsorption (Qst) of CO2 
for MMCF-1 based upon the CO2 adsorption isotherms at 273 K and 298 K using the 
virial method.23 As shown in Figure 3.3(c), MMCF-1 exhibits a constant Qst of ~26 kJ 
mol-1 at all loadings, distinguishing itself from other MOFs with open metal sites or 
decorated with primary amine groups, whose Qst usually decreases abruptly to 20-22 kJ 
mol-1 with the increase of CO2 loading despite their high initial Qst.
 20a,24 We tentatively 
attribute this to the existence of tertiary amines from the azamacrocycles that are 
incorporated into the framework of MMCF-1.  
We also evaluated MMCF-1 for selective adsorption of CO2 over N2, which is 
related to the post-combustion CO2 capture application. The N2 adsorption isotherm at 
273 K indicates that MMCF-1 can adsorb a very small amount of N2 (0.18 wt % at 1 bar), 
meaning a selective capacity of 73 for CO2/N2 at 273 K and 1 bar. Given that our 
attempts to measure the low-pressure N2 adsorption isotherms at 298 K could not 
generate meaningful data points because of the extremely low N2 uptake capacity,
25 we 
decided to use the adsorption isotherms at 273 K to assess the potential of MMCF-1 for 
possible post-combustion CO2 capture application. The Ideal Adsorption Solution 
Theory (IAST),26 which has been proved to be valid to calculate the adsorption 
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selectivity of MOFs,27 was employed to estimate the gas selectivity of MMCF-1 for 
CO2/N2 (typically composed of 15/85 %) in post-combustion flue-gas streams. The 
selectivity SA/B in a binary mixture of component A and B is defined as (xA/yA)/(xB/yB), 
where xi and yi are the mole fractions of component i (i=A,B) in the adsorbed and bulk 
phases respectively. As shown in Figure 3.3(d), the adsorption selectivity of MMCF-1 is 
calculated to be 114 for CO2 over N2 at 273 K and 1 bar. To the best of our knowledge, 
both the selective uptake capacity observed experimentally and the adsorption 
selectivity estimated from IAST of MMCF-1 for CO2 over N2 are the highest yet reported 
for MOFs based upon tetraazamacrocyclic ligands, and are also among the highest for 
porous MOFs without open metal sites. The high selective uptake of CO2 over N2 for 
MMCF-1 could be attributed to the large quadrupole moment of CO2 compared to N2 as 
well as the tertiary amines azamacrocycles, which could afford higher affinities for CO2 
compared to N2 as illustrated in recent studies.
28  
 
3.4 Conclusion 
In summary, a two-fold interpenetrating porous MOF, MMCF-1, has been 
constructed based upon the custom-designed flexible tactmb ligand featuring 
azamacrocycle and tetra-carboxylate groups. MMCF-1 exhibits permanent porosity with 
a Langmuir surface area of 600 m2 g-1, and demonstrates interesting selective uptake of 
CO2 over N2. The strategy of employing flexible azamacrocycle-based ligand represents 
a promising way to construct new types of functional porous MOFs for various 
applications, particularly gas storage and CO2 capture. 
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CHAPTER FOUR:  
LOCAL ELECTRIC FIELD FAVOURS MORE THAN EXPOSED NITROGEN ATOMS 
ON CO2 CAPTURE: A CASE STUDY ON THE RHT-TYPE MOF PLATFORM 
 
Note to Reader 
Portions of this chapter have been previously published in Chem. Commun., 
2015, 51: 9636-9639, and have been reproduced with permission from the Royal 
Society of Chemistry Publishing. 
 
4.1 Introduction 
To capture and sequester carbon dioxide (CO2) remains an effective route to 
mitigate climate change associated with anthropogenic CO2 emission.
1 The 
conventional CO2 capture technologies are dominated by the alkanolamine-based wet 
scrubbing systems, which feature causticity and volatility of the amines, and more 
prominently, high energy cost of regeneration processes.2 It is highly needed to develop 
alternative approaches for CO2 capture and sequestration. Using porous materials as 
adsorbents has been of great interest due to the facile regeneration process.3 Metal-
organic frameworks (MOFs)4 have been positioned at the forefront of this area as a 
promising type of candidates amongst various porous materials. This is mainly triggered 
by the modularity and functionality of pore size, pore walls and inner surface of MOFs5 
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by use of crystal engineering strategies.6 In addition, the crystalline nature of MOFs can 
facilitate the understanding of CO2-sorbent interactions at molecular level, which in 
return helps to design/functionalize MOFs with improved CO2 capture performances.
7 
Currently, a predominant viewpoint in this area is that accessible rich nitrogen sites as 
Lewis-base centers incorporated in the porous MOFs can significantly enhance CO2 
uptake capacity and selectivity on account of the dipole-quadrupole interactions. 
Extensive efforts thus have been devoted to increasing density of accessible nitrogen 
sites within porous MOFs.8 In this chapter, we report the investigations of CO2 capture 
in two rht-type MOFs based upon the tetrazolate and pyrazolate moieties, which 
indicate some counter-intuitive results that the pyrazolate-based rht-MOF demonstrates 
superior performances compared to the tetrazolate-based rht-MOF featuring more 
expose nitrogen atoms.  
 
4.2 Results and Discussion 
The the tetrazolate-based rht-MOF (rht-MOF-1) and pyrazolate-based rht-MOF 
(rht-MOF-pyr) were prepared using tetrazole- or pyrazole- derived tritopic ligands 
assembled with Cu(II) under the solvothermal conditions, respectively.9 Single-crystal X-
ray diffraction studies reveal that both rht-MOF-1 and rht-MOF-pyr crystallize in the 
same space group of Fm-3m. As shown in Figure 4.1, Cu3O(N4CR)3 in rht-MOF-1 and 
Cu3O(N2(CH)2CR)3 in rht-MOF-pyr serve as 3-connected nodes that link six Cu2(COO)4 
paddlewheel units through six carboxylate groups of three 5-tetrazolylisophthalate or of 
5-(1H-pyrazol-4-yl)isophthalate ligands, thus affording the classical (3, 24)-connected 
rht topology network. The rht network is comprised of three different polyhedral cages: 
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a small rhombihexahedral cage formed by 24 functionalized isophthalate ligands linked 
by 12 Cu2(COO)4 paddlewheel units (Figure 4.2a); a bevelled octahedral cage defined 
by 8 Cu3O(N4CR)3 or Cu3O(N2C3R)3 trimers and 24 Cu2(COO)4 paddlewheel units 
(Figure 4.2b); a bevelled tetrahedral cage enclosed by 4 Cu3O(N4CR)3 or Cu3O(N2C3R)3 
trimers and 12 Cu2(COO)4 paddlewheel units (Figure 4.2c). These multiple cages are 
tailored together to form 3-dimensional highly porous structures, as shown in Figure 
4.2(d). 
 
Figure 4.1 Illustration of hexatopic building units of (a) rht-MOF-1 and (b) rht-MOF-pyr. 
(Atom colors: C = gray, H = white, O = red, N = blue, Cu = orange) 
 
Figure 4.2 Pictures of (a) rhombihexahedral cage; (b) bevelled octahedral cage; (c) 
bevelled tetrahedral cage and (d) close-packing of 3 types of polyhedral cages in rht-
topology structures. 
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The phase purities of rht-MOF-1 and rht-MOF-pyr were verified by powder X-ray 
diffraction (PXRD) studies, which indicate that the diffraction patterns of the fresh 
sample are consistent with the calculated ones, as shown in Figure 4.3 and 4.4 
respectively. Furthermore, PXRD patterns of the activated MOF samples also confirmed 
the consistency of their structures under the test conditions. The permanent porosity 
has been examined by N2 adsorption at 77 K on both activated MOF samples (Figure 
4.5 and 4.6), which reveals similar BET surface areas of ~ 2100 m2 g-1 analogous to the 
reported values. 
 
Figure 4.3 Powder X-ray diffraction patterns of rht-MOF-1. 
 
Figure 4.4 Powder X-ray diffraction patterns of rht-MOF-pyr. 
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Figure 4.5 N2 adsorption isotherm of rht-MOF-1 at 77 K. 
 
Figure 4.6 N2 adsorption isotherm of rht-MOF-pyr at 77 K. 
 
To evaluate CO2 uptake performances of rht-MOF-1 and rht-MOF-pyr, CO2 
adsorption isotherms were collected on the activated samples at 273 K and 298 K, as 
shown in Figure 4.7. rht-MOF-1 shows a CO2 uptake capacity of 17.7 wt% (90.0 cm
3 g-1) 
at 273 K and 10.7 wt% (54.5 cm3 g-1) at 298 K under the pressure of 760 Torr. In 
comparison, rht-MOF-pyr can adsorb the amount of CO2 with an uptake capacity of 
22.0 wt% (112.4 cm3 g-1) at 273 K of 13.0 wt% (66.4 cm3 g-1) at 298 K under the same 
pressure. This indicates a substantial and unexpected increase in CO2 uptake capacity 
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of 25 % compared with that of rht-MOF-1 at 273 K. It is well documented that ligands 
with rich nitrogen atoms incorporated in the frameworks can polarize the adsorbed CO2 
molecules and boost the dipole-quadrupole interactions with CO2, thus leading to the 
increasing CO2 uptake capacity and selectivity. However, the observation here is 
counter-intuitive to this predominant viewpoint. The explanation can be presumably 
attributed to the different properties of tetrazole and pyrazole functional groups. The pKa 
value of tetrazole is ca. 4.6, and comparatively that of pyrazole is ca. 14.0. The 
increasing basicity of azolate groups may favour the adsorption of acidic CO2 molecules. 
 
Figure 4.7 CO2 adsorption isotherms of rht-MOF-1 and rht-MOF-pyr at 273 K and 298 
K. 
 
We also assessed the adsorption selectivity of CO2 and CH4 of rht-MOF-1 and 
rht-MOF-pyr. As shown in Figure 4.8, these two isostructures demonstrate comparable 
CH4 uptake capacities (16.4 cm
3 g-1 of rht-MOF-1 vs 17.0 cm3 g-1 of rht-MOF-pyr at 273 
K), owing to their similar surface areas. To predict the adsorption selectivity of CO2 over 
CH4, the ideal adsorption solution theory (IAST),
10 which has been validated for 
calculating the adsorption selectivity of gas mixtures in MOFs,11 was employed by 
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applying single-component adsorption isotherms. From selectivity plots of CO2/CH4 
(50/50) shown in Figure 4.9, rht-MOF-pyr is calculated to exhibit an adsorption 
selectivity of 36 for CO2 over CH4 at 273 K and 1 bar, which is ~56 % higher than that of 
rht-MOF-1. Additionally, rht-MOF-1 demonstrates the peculiarly high selectivity for 
CO2/CH4 at the very low coverage. The performance can be partially interpreted by 
different heats of adsorption (Qst) for CO2 (Figure 4.10). rht-MOF-1 exhibits ~1.2 kJ mol
-
1 higher Qst than that of rht-MOF-pyr at the very low loading of CO2. On the other hand, 
the substantial discrepancy of Qst for CH4 between rht-MOF-pyr and rht-MOF-1 can 
also partially explain the dramatic distinction of CO2/CH4 selectivity at the low loading 
state, as shown in Figure 4.11. The Qst of rht-MOF-1 decreases steadily over the 
loading range, whereas the Qst of rht-MOF-pyr is slightly increased first and then 
decreases across the loading range. The difference in Qst for CH4 between rht-MOF-pyr 
and rht-MOF-1 is narrowing down, along with the increasing of CH4 loading. Other than 
CH4 heats of adsorption, the favoured CO2 interaction mode plays an essential role in 
rht-MOF-pyr at the higher loading range. 
 
Figure 4.8 CH4 adsorption isotherms of rht-MOF-1 and rht-MOF-pyr at 273 K and 298 
K. 
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Figure 4.9 The adsorption selectivity of CO2 over CH4 plots on basis of IAST calculation. 
 
Figure 4.10 CO2 heats of adsorption of rht-MOF-1 and rht-MOF-pyr. 
 
Figure 4.11 CH4 heats of adsorption of rht-MOF-1 and rht-MOF-pyr. 
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4.3 Computational Studies 
In order to gain some insights at the molecular level for these counter-intuitive 
observations, computational studies of CO2 adsorption were performed on these two 
rht-MOFs. It was observed that the main difference in the CO2 adsorption capacities 
between the two rht-MOFs was attributed to the difference in the CO2 molecule 
interaction with the [Cu3O(N4-x(CH)xC-)3] (x = 0 or 2) trimers in the respective MOFs. It 
has been well documented that electrostatic interactions have a significant impact on 
the adsorption properties of microporous materials and partial charges located at atomic 
sites are most commonly used to account for electrostatics.12 The computational studies 
revealed that, as the CO2 molecule adsorbs onto the Cu
2+ ions of the [Cu3O(N2(CH)2C-
)3] trimer in rht-MOF-pyr, it does so such that an oxygen atom of the CO2 molecule 
coordinates to a Cu2+ ion; simultaneously there exists an  attraction between the 
negative charges of the oxygen atom of CO2 molecule and the positive charges of the 
nearby hydrogen atoms of the pyrazolate moieties (Figure 4.12). This synchronized 
binding keeps the CO2 molecule in-plane with respect to the [Cu3O(N2(CH)2C-)3] trimer, 
thus resulting in a favorable electrostatic interaction between the CO2 molecule and 
these units. In rht-MOF-1, the repulsion between the negative charges of the N atoms 
of the tetrazole groups and the negative charges of the oxygen atoms of the CO2 
molecule repels the binding of CO2 molecule a Cu
2+ ion. As a result, the CO2 molecule 
is oriented at an angle and tilted out-of-plane with respect to the [Cu3O(N4C-)3] trimer as 
the CO2 molecule is adsorbed onto the Cu
2+ ion. This leads to a less favorable 
electrostatic interaction between the CO2 molecules and the [Cu3O(N4C-)3] trimer in rht-
MOF-1. 
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Figure 4.12 Molecular illustration of the CO2 molecule orientation about the Cu3O trimer 
in rht-MOF-pyr as determined from molecular simulations. (Atom colors: C = cyan, H = 
white, O = red, N = blue, Cu = gold) 
 
Grand canonical Monte Carlo (GCMC) simulations of CO2 adsorption in both rht-
MOFs confirmed that rht-MOF-pyr adsorbs more CO2 than rht-MOF-1 for the 
thermodynamic conditions considered (Figure 4.13 and 4.14). A radial distribution 
function analysis of CO2 molecules adsorbed about the different types of Cu
2+ ions in 
both MOFs revealed that the Cu3O trimer Cu
2+ ions are occupied at higher loadings and 
that there is a greater population of CO2 molecules adsorbed about such Cu
2+ ions in 
rht-MOF-pyr relative to rht-MOF-1 (Figure 4.15-4.17). Further, density functional theory 
(DFT) calculations confirmed that the interaction strength for CO2 binding onto the Cu3O 
trimers is greater for rht-MOF-pyr compared to rht-MOF-1 (Figure 4.18). 
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Figure 4.13 Simulated CO2 adsorption isotherms for rht-MOF-1 and rht-MOF-pyr at 
298 K and pressures up to 760 Torr. 
 
Figure 4.14 Simulated CO2 adsorption isotherms for rht-MOF-1 and rht-MOF-pyr at 
298 K and pressures up to 760 Torr, where only the repulsion/dispersion interaction 
energy was calculated. 
 
Figure 4.15 The ligand, copper paddlewheel, and Cu3O trimer units in rht-MOF-pyr 
showing the labeling of the Cu1, Cu2, and Cu3 ions. A similar label for the different Cu2+ 
ions can be used for rht-MOF-1. Atom colors: C = cyan, H = white, N = blue, O = red, 
Cu = gold. 
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Figure 4.16 Radial distribution functions, g(r), about the Cu1 ions, Cu2 ions, and Cu3 
ions in rht-MOF-1 at 298 K and pressures of 7.60 Torr and 760 Torr. 
 
Figure 4.17 Radial distribution functions, g(r), about the Cu1 ions, Cu2 ions, and Cu3 
ions in rht-MOF-pyr at 298 K and pressures of 7.60 Torr and 760 Torr. 
 
Figure 4.18 Radial distribution functions, g(r), about Cu3 ions in rht-MOF-1 and rht-
MOF-pyr at 298 K and pressures of 7.60 Torr and 760 Torr. 
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Considering the host-guest (MOFs-CO2) electrostatic interactions, the local 
electric field exerted by the [Cu3O(N4-x(CH)xC-)3] (x = 0 or 2) trimer units thus plays a 
more dominant role than exposed nitrogen atoms for the interactions with CO2 
molecules on the rht-MOF platform. More importantly, the synergistic electrostatic 
effects from neighboring atoms/moieties should be taken into account leading to more 
precise and accurate results. Hence, we can conclude that the essential factors 
influencing CO2 adsorption behind the effect of exposed nitrogen sites lie in the local 
electric fields, instead of the numbers of accessible nitrogen atoms. Furthermore, it can 
be observed that the Qst for CO2 in rht-MOF-pyr surpasses that of rht-MOF-1 with the 
increase of CO2 loading amount, which therefore must be attributed to the difference in 
the CO2 binding energies with the [Cu3O(N4-x(CH)xC-)3] (x = 0 or 2) trimers within the 
two rht-MOFs. Computational studies demonstrate that the absorbed CO2 molecules 
preferentially interact with the Cu atoms of paddle wheel units, instead of trimer units at 
the low loading range. Furthermore, rht-MOF-1 owns less electron density than rht-
MOF-pyr on the Cu atoms of paddle wheel units, which increases CO2 bonding strength 
to the Cu atoms of rht-MOF-1.9b This is also in line with the Qst of CO2 at the low loading 
range that rht-MOF-1 shows higher heats of adsorption than rht-MOF-pyr. However, 
when the copper sites of paddle wheel units saturated with CO2 molecules, Qst of rht-
MOF-pyr turns to be higher than that of rht-MOF-1, owing to the CO2 subsequently 
interacting with the trimer units. Therefore, the modeling results presented in this work is 
consistent with the experimentally observed CO2 Qst values for the two MOFs. 
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4.4 Conclusion 
In summary, we investigated the performances in CO2 adsorption and selective 
adsorption of CO2 over CH4 for the prototypal rht-MOF platform functionalized by 
tetrazolate and pyrazolate moieties. Our studies revealed that rht-MOF-pyr lacking of 
exposed nitrogen atoms demonstrated better CO2 capture performances than rht-MOF-
1 rich in exposed nitrogen atoms. The counter-intuitive experimental observations have 
been well elucidated by computational studies, which reveal that the local electric field 
favours more than the richness of exposed nitrogen atoms for the interactions with CO2 
molecules. Our work therefore provides a new perspective for future design of new 
MOFs and other types of porous materials with improved performances for applications 
in CO2 capture and gas storage/separation. 
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CHAPTER FIVE:  
REMOTE STABILIZATION OF COPPER PADDLEWHEEL BASED MOLECULAR 
BUILDING BLOCKS IN MOFs  
 
Note to Reader 
Portions of this chapter have been previously published in Chem. Mater, 2015, 
27: 2144-2151, and have been reproduced with permission from American Chemical 
Society Publications. 
 
5.1 Introduction 
Metal-organic frameworks (MOFs), composed of polytopic organic ligands linking 
metal ions or metal clusters, have emerged as a new class of functional and tunable 
porous solid-state materials.1 Resultantly, MOFs witnessed tremendous interest from 
industry and academia alike, due to their unparalleled modularity through successful 
use of crystal engineering and/or reticular chemistry strategies.2 In principal, a material 
designer could target a desired structure by judiciously selecting the requisite geometry, 
directionality and connectivity of the organic and inorganic based molecular building 
blocks (MBBs) to match the vertex figures of a given net.3 Accordingly, establishment of 
reaction conditions for a given MOF platform offers potential to access MOFs with fine-
tuned properties (e.g. controlled pore size, ultra-large surface area, tuned pore surface 
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functionality and enhanced chemical stability).3 These unique features offer great 
prospective pertaining to gas storage,4 separation,5 CO2 capture,
6 sensors,7 catalysis8 
and various other applications.9  
Among various inorganic MBBs encountered in MOFs,3 the copper paddlewheel 
based MBB, [Cu2(O2C–)4],  is ubiquitous and has been widely employed for the 
construction of highly porous MOFs as exemplified in many prototypal MOF platforms 
e.g. tbo-MOFs (HKUST-1),10 nbo-MOFs (MOF-505),11 and rht-MOFs (rht-MOF-1).12 
Nevertheless, most copper paddlewheel based MOFs remain unexplored industrially 
due to their instability in relevant environments which contain moisture,13 water,14 
steam,15 and acidic media.16 Such drawbacks restrict their application in many industrial 
areas where zeolites have shown a major impact.17 Presumably, the copper 
paddlewheel is the most susceptible position for structural degradation, of associated 
MOFs, by water molecules as suggested by recent studies.14b,18 Accordingly, it is critical 
to enhance the paddlewheel stability in order to achieve associated practical MOFs.  
Various strategies for imparting MOF water stability, in the context of adsorption 
applications, have been highlighted and detailed in a recent review article.19 Primarily, 
these strategies are based on tuning the ligands properties (e.g. hydrophobicity and 
steric factors) in order to enhance the metal-ligand bonds and/or shield the inorganic 
cluster from water exposure.19 It is worth noting that copper paddlewheels are relatively 
less stable than their nickel counterparts as suggested by the comparative hydrolysis 
studies.20 
In our continuous pursuit to enhance the copper paddlewheel based MOF 
stability, we explored the effect of heterofunctional ligands on the relationship between 
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the resultant inorganic MBBs. Namely, we elected to study the rht-MOF platform as it 
encloses the copper paddlewheel MBB in addition to a modular triangular inorganic 
MBB [Cu3O(N4-x(CH)xC–)3] (x = 0, 1 or 2). This platform allows tuning the basicity of the 
coordinating moiety forming the triangular MBB (functionalizing via a crystal engineering 
approach) and subsequently exploring its impact on copper paddlewheel 
water/chemical stability. 
 
Figure 5.1 Illustration of the arrangement of six carboxylates in a hexagonal motif in: (a) 
rht-MOF-1; (b) various functional hexatopic carboxylate ligand; (c) rht-MOF-tri; (d) rht-
MOF-pyr. 
 
rht-MOFs have been intensively explored over the past few years12,21 as their 
structure consists of multiple fine-tunable cages and their underlying (3,24)-connected 
rht topology precludes interpenetration. The first rht-MOF (rht-MOF-1) was reported in 
2008,12 and is based on the assembly of two independent inorganic MBBs, the copper 
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paddlewheel and the triangular [Cu3O(N4C–)3]. The trigonal inorganic MBB serves to 
position three 5-tetrazolylisophthalate ligands in a structural motif resembling a 
hexacarboxylate building block (Figure 5.1a), peripherally exposing six carboxylates 
from three coplanar isophthalate moieties. Over forty rht-MOF structures have been 
reported based on tetrazolate ligands or purely organic trigonal cores having three 
isophthalate or associated derivatives (Figure 5.1b). Many of these rht-MOFs have 
been extensively investigated for gas storage and CO2 capture.
12,21 Indeed, rht-MOFs 
exhibit exceptionally high surface areas and relatively high uptakes for adsorbed 
hydrogen, methane, and CO2.
21 Indeed, the current record for experimental BET surface 
area is held by the rht-MOF, NU-110.21o Nevertheless, like most MOFs,13-16 they suffer 
from poor water stability and chemical stability.17 Given the copper paddlewheel is the 
most susceptible position for degradation by hydrolysis,14b,18 we speculate that boosting 
the bonding strength between the organic MBBs and the trigonal inorganic MBBs could 
synergistically and remotely stabilize the copper paddlewheel MBBs, which in return 
leads to the enhancement of water stability of the rht-MOF platform. Considering the 
very strong bonding between transition metal ions and azolate groups as observed in 
some water/chemical stable MOFs,16,22 we replaced the tetrazole moiety of 5-
tetrazolylisophthalic acid with 1,2,3-triazole (Figure 5.1c) or pyrazole (Figure 5.1d), and 
obtained two new rht-MOFs, rht-MOF-tri (tri is short for triazolate) and rht-MOF-pyr (pyr 
is short for pyrazolate) that are isostructural with rht-MOF-1. As we expected, the 
substitution of one or two atoms resulted in enhanced water, moisture, steam, and 
chemical stabilities. 
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5.2 Experimental Section 
5.2.1 General Methods 
Single crystal X-ray data of rht-MOF-tri and rht-MOF-pyr were collected at the 
Advanced Photon Source on beamline 15-ID-B of ChemMatCARS Sector 15 (λ = 
0.41328 Å, T = 100(2) K). Powder X-ray diffraction patterns were collected at room 
temperature using on a Bruker D8 Advance X-ray diffractometer at 40 kV, 40 mA for 
CukR (λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) and a step size of 0.05° in 
2θ at room temperature. Diffraction patterns were processed from 5o to 25o. Gas 
adsorption measurements were performed using a Micromeritics ASAP 2020 surface 
area analyzer. Nitrogen isotherms at 77K were collected in the liquid nitrogen bath to 
calculate surface areas. In a typical experiment, ~50 mg of the sample was washed with 
fresh DMF several times. Methanol was selected to do solvent-exchange to remove the 
nonvolatile solvates (DMF) for ~ 3 days. The extract was decanted every two or three 
hours and fresh methanol was replaced. After the removal of methanol by decanting, 
the sample was activated by drying under vacuum for 6 hours, then was dried again by 
using the “degas” function of ASAP 2020 for 2 hours at 110 oC prior to gas adsorption 
measurement. After the final degas, the sample changed to a dark color from the 
beginning green. 
 
5.2.2 Ligand and MOF Synthesis 
Synthesis of 5-(1H-1,2,3-triazol-4-yl)isophthalic acid (H3TAIP): Dimethyl 5-
iodoisophthalate (1 mmol) and ethynyltrimethylsilane (2 mmol) were suspended in a 
solution of 50 ml dry tetrahydrofuran (THF) and 5 ml triethylamine (Et3N) under nitrogen 
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atmosphere. Tetrakis(triphenylphosphine) palladium (Pd(PPh3)4) (0.005 mmol) and 
copper (I) iodide (CuI) (0.015 mmol) were then added. The reaction mixture was stirred 
for 12 hours at 60 oC and subsequently evaporated and chromatographed (silica gel, 
EtOAc/hexane = 1:60) to give the produce as a yellow solid (91% yield). The detailed 
procedure of preparation of dimethyl 5-(1-(pivaloyloxymethyl)-1H-1,2,3-triazol-4-
yl)isophthalate can be found in the reported reference (yield: 97%).27 To a solution of 
dimethyl 5-(1-(pivaloyloxymethyl)-1H-1,2,3-triazol-4-yl) isophthalate (1 mmol) in 
THF/H2O (1:1, 10 ml). LiOH (10 mmol) was added and then stirred at room temperature 
for 12 hours. The mixture was neutralized with a 1 M HCl solution to pH = 5. The 
resulting precipitate was filtered, washed with 10 mL water, and dried under vacuum to 
produce the pure product 5-(1H-1,2,3-triazol-4-yl) isophthalic acid, which is a white solid 
(yield: 86%) (1H NMR, D2O, 250 MHz, δ=8.28 (2H), 8.15(1H), 8.02 (1H)). 
Synthesis of 5-(1H-pyrazol-4-yl)isophthalic acid (H3PAIP): 4-bromo-1-trityl-1H-
pyrazole and 3,5-bis(methoxycarbonyl)-phenylboronic acid were synthesized by the 
procedures reported in the literatures.28 The mixture of 4-bromo-1-trityl-1H-pyrazole 
(1.39g, 3.56mmol), 3,5-bis(methoxycarbonyl)phenylboronic acid (0.93g, 3.91mmol), 
tetrakis(triphenylphosphine) palladium (0.42g, 0.36mmol) and K2CO3 (0.98g, 7.12mmol) 
in 100 mL recovery flask was added into 1,2-Dimethoxyethane (18 mL) and H2O (10 mL) 
under nitrogen protection. The reaction mixture was heated at 85 oC and stirred for 36 
hours. After 36 hours, the reaction mixture was concentrated on a rotary evaporator. 
The residue was taken up in EtOAc (50 mL), washed with H2O (15 mL) and dried 
(MgSO4). After filtration, the filtrate was concentrated on a rotary evaporator. The crude 
product was hydrolyzed by KOH solution in THF/MeOH/H2O (v1/1/2) mixture solvents. 
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The reaction mixture was then concentrated on a rotary evaporator and acidified by con. 
HCl. The collected solid was dissolved in dichloromethane, and several drops of 
trifluoroacetic acid were added into the solution to deprotect trityl group. The reaction 
mixture was warmed to 40 oC overnight. 5-(1H-pyrazol-4-yl)isophthalic acid (H3PAIP) 
was collected by filtration (yield: 50%) (1HNMR, [D6]DMSO, 250 MHz, δ=8.35 (2H), 
8.29(1H), 8.25 (2H)). 
Synthesis of rht-MOF-tri: A mixture of 5-(1H-1,2,3-triazoyl) isophthalic acid 
(H3TAIP) (30 mg), CuNO3·2.5H2O (90 mg) and N,N’-dimethylformamide (DMF) (1.5 mL) 
with 2 drops of HBF4 (47% aqueous) was added into 4 mL vial and then heated to 65 
oC 
for 48 hours. The resulting octahedron-shaped green crystals were obtained (yield: 75% 
based on H3TAIP ligand). 
Synthesis of rht-MOF-pyr: A mixture of 5-(1H-pyrazol-4-yl)isophthalic acid 
(H3PAIP) (10 mg), CuNO3·2.5H2O (30 mg) and N,N’-dimethylformamide (DMF) (1.0 mL) 
with 2 drops of HBF4 (47% aqueous) was added into 4 mL vial and then heated to 70 
oC 
for 48 hours. The resulting octahedron-shaped green crystals were obtained (yield: 70% 
based on H3PAIP ligand).   
 
5.3 Results and Discussion 
  Single-crystal X-ray diffraction reveals that both rht-MOF-tri and rht-MOF-pyr 
crystallize in the same space group, Fm-3m, as rht-MOF-1 with a = 44.271(2) Å (rht-
MOF-tri) and a = 44.588(3) (rht-MOF-pyr) (vs. 44.358(8) Å in rht-MOF-1) (Table 5.1). 
As expected, rht-MOF-tri and rht-MOF-pyr display the same topology as rht-MOF-1 
and isoreticular analogues such as NOTT-112,21c PCN-61,21d and NU-100.21g 
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[Cu3O(N3CHC–)3] in rht-MOF-tri and [Cu3O(N2(CH)2C–)3] in rht-MOF-pyr serve as 3-
connected nodes that link six [Cu2(O2C–)4] paddlewheel MBBs through six carboxylate 
groups of three 5-(1H-1,2,3-triazol-4-yl)isophthalate(taip) or 5-(1H-pyrazol-4-
yl)isophthalate (paip) ligands, thus affording the expected (3, 24)-connected rht network 
topology (Figure 5.2). rht-MOF-tri and rht-MOF-pyr therefore contain three large 
polyhedral cages: a small rhombihexahedral (or rhombicuboctahedral) cage formed by 
24 functionalized isophthalate ligands linked by 12 [Cu2(O2C–)4] paddlewheel MBBs 
(Figure 5.2a); a bevelled octahedral cage defined by 8 [Cu3O(N3C2–)3] or [Cu3O(N2C3–)3] 
trimers and 24 [Cu2(O2C–)4] paddlewheel MBBs (Figure 5.2b); a bevelled tetrahedral 
cage enclosed by 4 [Cu3O(N3C2–)3] or [Cu3O(N2C3–)3] trimers and 12 [Cu2(O2C–)4] 
paddlewheel MBBs (Figure 5.2c). Both rht-MOF-tri and rht-MOF-pyr are highly porous, 
and have a comparable solvent accessible volume of ~72% calculated by PLATON.23 
Table 5.1 Crystal data and structure refinement of rht-MOFs. 
 rht-MOF-1 rht-MOF-tri rht-MOF-pyr 
Formula C27H9Cu6N13O39.5 C30H12Cu6N9O23.5 C33H15Cu6N6O19 
Fw 1527.6 1255.73 1180.75 
Crystal system Cubic Cubic Cubic 
Space group Fm-3m Fm-3m Fm-3m 
a, Å 44.358(8) 44.271(2) 44.588(3) 
b, Å 44.358(8) 44.271(2) 44.588(3) 
c, Å 44.358(8) 44.271(2) 44.588(3) 
α, deg 90 90 90 
β, deg 90 90 90 
γ, deg 90 90 90 
V, Å3 87280(27) 86769(7) 88647(12) 
Z 192 32 32 
Theta range for 
data collection 
2.05 to 19.23 1.20 to 14.24 0.75 to 15.99 
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Table 5.1 (Continued) Crystal data and structure refinement of rht-MOFs.  
 rht-MOF-1 rht-MOF-tri rht-MOF-pyr 
dcalcd, g cm
-3
 0.93 0.769 0.708 
GOF 1.084 1.079 1.080 
R1, wR2 0.1085, 0.1933 0.1083, 0.2757 0.0751, 0.2133 
 
Figure 5.2 (a) The small rhombihexahedral cage; (b) The bevelled octahedral cage; (c) 
The bevelled tetrahedral cage; (d) The C3 symmetric building moiety of rht-MOF-tri and 
rht-MOF-pyr. 
 
We systematically evaluated the water-stability of rht-MOF-1, rht-MOF-tri and 
rht-MOF-pyr. As shown in Figure 5.3, rht-MOF-1 was observed to decompose after 
being immersed in water for less than 2 hours. Poor water stability was also observed 
for other rht-MOFs based upon hexatopic carboxylate ligands, such as PCN-6621d that 
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is constructed from 5,5’,5’’-(4,4’,4’’-nitrilotris(benzene-4,1-diyl)tris(ethyne-2,1-diyl)) 
triisophthalate (ntei) and [Cu24(TPBTM
6-)8 (H2O)24]
21h that is built from N,N’,N’’-
tris(isophthalyl)-1,3,5-benzenetri-carboxamide (tpbtm), neither of which  retained their 
crystallinity after being immersed in water for 1 hour (Figure 5.4 and 5.5). The 
isophthalic moieties covalently connected in the hexatopic ligands (ntei and tpbtm) and 
thus not prone to hydrolysis. The observed poor water stability for PCN-66 and 
[Cu24(TPBTM
6-)8(H2O)24] should be attributed to the dissociation of the copper 
paddlewheel MBBs as a result of water attack.14b,18 Similarly, the decomposition of rht-
MOF-1 could be ascribed to the break-down of the copper paddlewheel MBBs, although 
there is no information for the stability of the trigonal inorganic MBBs in the presence of 
water.  
 
Figure 5.3 PXRD patterns of rht-MOF-1 for simulated plot, as-synthesized sample, and 
sample after immersed in water for 2 hours. 
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Figure 5.4 PXRD patterns of PCN-66 for simulated plot, as-synthesized sample, and 
sample after immersed in water for 1 hour. 
 
Figure 5.5 PXRD patterns of [Cu24(TPBTM
6-)8(H2O)24] for simulated plot, as-
synthesized sample, and sample after immersed in water for 1 hour. 
 
In contrast with rht-MOF-1, rht-MOF-tri crystals were soaked in water for 48 
hours and PXRD studies revealed no significant changes in the diffraction patterns 
(Figure 5.6). However, the extension of water soaking time to 4 days leads to the 
vanishing and broadening of PXRD peaks, indicative of decomposition (Figure 5.6). In 
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comparison, rht-MOF-pyr can retain its crystallinity after immersion in water for 15 days 
as evidenced by no significant changes in the PXRD pattern (Figure 5.7). These results 
suggest the following order of stability: pyrazolate>triazolate>tetrazolate in terms of 
stabilizing the copper paddlewheel MBBs against water. This is in good agreement with 
the increasing pKa values of these functional groups.
24-26  
 
Figure 5.6 PXRD patterns of rht-MOF-tri for simulated plot, as-synthesized sample, and 
sample after immersing in water for 2 days and 4 days. 
 
Figure 5.7 PXRD patterns of rht-MOF-pyr for simulated plot, as-synthesized sample, 
and sample after immersing in water for 7 days and 15 days. 
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We evaluated the moisture and steam stabilities of rht-MOF-tri and rht-MOF-pyr. 
As shown in Figure 5.8, the exposure of rht-MOF-tri to ambient air with relative humidity 
of ~70% for a week did not result in any observable structural change and rht-MOF-tri 
was observed to retain crystallinity after exposure to steam (100% at 100oC) for 6 hours. 
No significant loss of crystallinity was observed for rht-MOF-pyr after similar tests 
(Figure 5.9).  
 
Figure 5.8 PXRD patterns of rht-MOF-tri for as-synthesized sample and samples after 
moisture and steam tests. 
 
Figure 5.9 PXRD patterns of rht-MOF-pyr for as-synthesized sample and samples after 
moisture and steam tests. 
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We also examined the tolerance of rht-MOF-tri and rht-MOF-pyr to acidic media, 
a more stringent challenge for most MOFs. Soaking rht-MOF-tri in hydrochloric acid 
(HCl) aqueous solution with pH of 2.5 for 24 hours did not lead to observable structural 
change; however, dramatic loss of crystallinity was observed by extending the soaking 
time to 48 hours (Figure 5.10). rht-MOF-tri exposed to pH=1 HCl aqueous solution led 
to complete degradation of the framework (Figure 5.10). In contrast to rht-MOF-tri, rht-
MOF-pyr survived in pH=2.5 HCl aqueous solution for more than 1 week and even 
retained its crystallinity after 14 days (Figure 5.11). However, rht-MOF-pyr did not 
survive in pH=1 HCl aqueous solution. These results indicate the relatively high 
chemical stability of rht-MOF-tri and rht-MOF-pyr compared with most other MOFs, and 
suggest that the pyrazole group strongly promotes the tolerance of the rht-MOF 
platform toward acidic media. 
 
Figure 5.10 PXRD patterns of rht-MOF-tri for as-synthesized sample and samples after 
acid stability tests. 
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Figure 5.11 PXRD patterns of rht-MOF-pyr for as-synthesized sample and samples 
after acid stability tests. 
Although PXRD has been extensively utilized to evaluate the preservation of 
crystalline structures for MOFs after water/chemical stability tests, recent studies have 
suggested that PXRD cannot detect partial structure loss and the surface area should 
be measured to validate the preservation of framework integrity.13a N2 adsorption 
isotherms at 77 K were measured by reactivating rht-MOF-tri and rht-MOF-pyr samples 
after each stability test. As shown in Figure 5.12 and 5.13, rht-MOF-tri and rht-MOF-pyr 
retained their surface areas (Table 5.2) after various tests, confirming its water, 
moisture, steam and chemical stability. rht-MOF-tri and rht-MOF-pyr represent two rare 
examples of highly porous MOFs that have been shown to be stable under water, 
moisture, steam, and acid conditions without significant loss of surface area.16,17  
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Figure 5.12 N2 adsorption isotherms at 77K for rht-MOF-tri. 
 
Figure 5.13 N2 adsorption isotherms at 77K for rht-MOF-pyr. 
 
Table 5.2 Surface areas for rht-MOF-tri and rht-MOF-pyr.a 
Conditions rht-MOF-tri 
SABET/m
2g-1 
rht-MOF-pyr     
SABET/m
2g-1 
As-synthesized 1841(31) 2133(62) 
Moisture 1818(26) 2183(64) 
H2O 1874(44) 2049(65) 
Steam 1803(23) 2261(57) 
pH 2.5 HCl(aq) 1812(10) 2050(66) 
aValues were obtained from N2 adsorption measurements performed 
at 77 K on samples subjected to the conditions specified and then 
activated according to the procedures in experimental section. 
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The differences in properties among rht-MOF-1, rht-MOF-tri and rht-MOF-pyr 
triggered by substitution of functional groups can presumably be attributed to the 
different properties of tetrazole, 1,2,3-triazole, and pyrazole. Since the N atom has an 
electron-withdrawing effect, an azolate ring containing less N atoms has higher basicity 
or lower acidity, leading to high pKa value. The pKa of tetrazole is ca. 4.6, meaning that 
it is a relatively weak chelating ligand.24 In contrast, the pKa of 1,2,3-triazole is ca. 9.3,
25 
and that of pyrazole is ca. 14.0.26 As investigated by Long’s and Chen’s group,16,22 the 
pKa value or basicity of the ligand can be regarded as a straightforward measure of 
binding ability toward a proton and may also be applied to estimate the bonding strength 
with transition metal ions. The increase in basicity of the azolate groups presumably 
increases the Cu-N bond strength, which is supported by Cu-N bond distances of 1.952 
Å, 1.937 Å, and 1.931 Å in rht-MOF-1, rht-MOF-tri and rht-MOF-pyr, respectively. The 
change in the bonding of the triangular inorganic MBB, [Cu3O(N4-x(CH)xC–)3] (x = 0, 1 or 
2), is in a direct relationship with the bonding of the copper paddlewheel SBU (i.e. 
remotely strengthening the Cu-carboxylate bonding), thus exerting changes in the 
electronic structure of the whole MOF to afford different stabilities toward water. 
 
5.4 Computational Studies 
To gain insight into the changes in water/chemical stabilities, we performed 
computational studies14a on these three rht-MOFs. Analysis of the electronic structures 
for all three rht-MOFs revealed a few noticeable differences in the partial charges 
between the structures, especially in the five-membered rings. Note that the partial 
charges referenced here were calculated using the Connolly charge-fitting scheme27. In 
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rht-MOF-1, the uncoordinated nitrogen atoms on the tetrazolate group are highly 
electronegative with a partial charge of about –0.5 e–, while the coordinated nitrogen 
atoms (those that are bonded to the Cu2+ ions of the triangular inorganic MBB) are less 
electronegative with a partial charge of about –0.2 e–. For the 1,2,3-triazolate moiety of 
rht-MOF-tri, when comparing to the tetrazolate group in rht-MOF-1, it can be seen that 
replacing one the uncoordinated nitrogen atoms with a C–H group causes one of the 
coordinated nitrogen atoms (the atom on the uncoordinated N atom side) to lose some 
electron density while the nearby coordinated N atom gains electron density. The 
uncoordinated nitrogen atom in rht-MOF-tri has a similar partial charge to those in rht-
MOF-1. This increase in negative charge for the coordinated nitrogen atom on the C–H 
side of the 1,2,3-triazolate group presumably leads to stronger Cu-N bonds. In rht-
MOF-pyr, the replacement of both uncoordinated nitrogen atoms with a C–H group 
causes both coordinated N atoms to gain electron density relative to those that are in 
the tetrazolate and 1,2,3-triazolate moieties of rht-MOF-1 and rht-MOF-tri, respectively; 
the partial charges for these nitrogen atoms are approximately –0.4 e–.This electron 
density difference could be responsible  for the enhanced stability of the trigonal 
[Cu3O(N2(CH)2C–)3] units in rht-MOF-pyr with respect to the corresponding trigonal 
[Cu3O(N3(CH)C–)3] units in rht-MOF-tri and trigonal [Cu3O(N4C–)3] units in rht-MOF-1. 
The substitution of tetrazolate with triazolate and pyrazolate moieties has also 
affected the copper paddlewheel units in the respective rht-MOFs. It is noteworthy that 
the two Cu2+ ions in the paddlewheels of rht-MOFs are indeed chemically distinct as the 
carboxylate carbon–aromatic carbon bond cannot rotate freely in the MOF. The Cu2+ ion 
labeled 1 in Figure 5.14, denoted herein as Cu1, faces toward the center of the linker 
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and projects into the truncated tetrahedral cage, and the Cu2+ ion labeled 2, denoted 
herein as Cu2, faces away from the center of the linker and projects into the 
cuboctahedral cage. The relative partial charges about the Cu2+ ions have been shown 
to be significant in rht-MOFs, with the more positively charged Cu2+ ion acting as the 
favored sorption site.28 Electronic structure calculations show that the Cu1 ions have the 
higher charge within the paddlewheels in rht-MOF-1 and rht-MOF-tri; this can be 
attributed to the presence of the proximal uncoordinated nitrogen atoms on the five-
membered rings in both rht-MOFs, which causes the partial positive charge of the Cu1 
ions to increase relative to the Cu2 ions. This can be interpreted as a consequence of 
the repulsive interaction between the electronegative uncoordinated nitrogen atoms and 
the electronic environment of the copper paddlewheels in these two rht-MOFs, causing 
the electron density to shift towards the more distant Cu2 ions. In rht-MOF-pyr, the 
replacement of all uncoordinated N atoms with C–H groups shifts the higher positive 
charge to the Cu2 ion and thereby increases the electron density of the Cu1 ions. 
Therefore, in rht-MOF-pyr, the Cu1 ions, which are in closer proximity to the attractive 
triangular inorganic MBB, are less favorable towards sorbate molecules, such as water. 
The potential energy surface (PES) was generated for the copper paddlewheel 
[Cu2(O2C–)4] fragments in all three rht-MOFs. The results revealed that the bond 
energies are lower and produced a deeper well-depth for rht-MOF-tri and rht-MOF-pyr 
compared to rht-MOF-1 (Figure 5.15 and Figure 5.16). This would be expected to afford 
enhanced stability for the copper paddlewheel units in rht-MOF-tri and rht-MOF-pyr. 
Indeed, it can be observed in Figure 5.15 and 5.16 that the Cu2+–O interactions of the 
copper paddlewheels (considering both types of paddlewheel Cu2+ ions) are more 
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stable for rht-MOF-pyr and rht-MOF-tri compared to those for rht-MOF-1 by 
approximately 38 and 30 kJ∙mol-1, respectively. In effect, enhanced bonding between 
the pyrazolate groups and the triangular inorganic MBB synergistically stabilized the 
copper paddlewheel MBBs in both rht-MOF-pyr and rht-MOF-tri. These computational 
findings support the experimentally observed increase in water stability from rht-MOF-1 
to rht-MOF-tri, and to rht-MOF-pyr. 
 
Figure 5.14 The chemically distinct atoms in rht-MOF-1 defining the numbering system. 
A similar label for the different Cu2+ ions can be used for rht-MOF-tri and rht-MOF-pyr. 
Atom colors: C = cyan, H = white, O = red, N = blue, Cu = tan. 
 
Figure 5.15 The generated potential energy surfaces about the Cu1 ions of the copper 
paddlewheels for rht-MOF-1 (green), rht-MOF-tri (blue), and rht-MOF-pyr (red). 
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Figure 5.16 The generated potential energy surfaces about the Cu2 ions of the copper 
paddlewheels for rht-MOF-1 (green), rht-MOF-tri (blue), and rht-MOF-pyr (red). 
 
5.5 Conclusion 
   In summary, we demonstrated how to stabilize the copper paddlewheel MBBs, 
[Cu2(O2C–)4], via a crystal engineering approach that enables strengthening the 
bonding between the organic ligands and the triangular inorganic MBB, [Cu3O(N4-
x(CH)xC–)3] (x = 0, 1 or 2), which in turn remotely enhances the stability of the copper 
paddlewheel MBB. The observed experimental results are further supported by 
computational studies, which allowed a better understanding of the mechanism 
promoting the copper paddlewheel stability. Therefore, this study paves the way to the 
synthesis and development of prospective suitable MOFs with enhanced water stability.  
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CHAPTER SIX:  
A POROUS METAL-METALLOPORPHYRIN FRAMEWORK FEATURING HIGH-
DENSITY ACTIVE SITES FOR CHEMICAL FIXATION OF CO2 UNDER AMBIENT 
CONDITIONS  
 
Note to Reader 
Portions of this chapter have been previously published in Chem. Commun, 2014, 
50: 5316-5318, and have been reproduced with permission from the Royal Society of 
Chemistry Publishing. 
 
6.1 Introduction 
Metal-organic frameworks (MOFs),1 which consist of metal ions or metal clusters 
(also known as secondary building units, SBUs)2 that are interconnected by multitopic 
organic ligands into two- or three-dimensional (2D or 3D) networks, have been 
expanding at a rapid pace over the past decade. A major driving force behind their 
surge lies in their amenability to design: a desired structure can thus be targeted by 
judicious selection of the SBU and the organic linker.3 Furthermore, their modular 
nature means that their properties (for example, pore sizes, pore walls and surface area) 
can also be tailored or tuned by custom design of organic linkers.4 Driven by the 
motivation to mimic ubiquitous biological functions of metalloporphyrins in nature, such 
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as light-harvesting, oxygen transportation and catalysis,5 porphyrin/metalloporphyrin-
based linkers have been of increasing interest for incorporation into MOF frameworks to 
afford porphyrin-based MOFs.6 Indeed, porphyrin-based MOFs have exhibited potential 
for applications in gas storage/separation,7 light-harvesting,8 catalysis9 and other 
areas,10 as recently demonstrated by our group and others.6-10 
During the course of constructing porphyrin-based MOFs, the porphyrin 
macrocycles of the linkers could be metallated in situ with the same metal ions as those 
in the SBUs.6a-d,10a,b This represents an appealing approach to creating a high density of 
metal sites into 3D nanospace, which could be particularly tempting for catalysis if the 
metal centers both within the porphyrin rings and on the SBUs are catalytically active.6d,f 
In this contribution, we report such a porphyrin-based MOF of MMPF-9 (MMPF 
represents metal-metalloporphyrin framework)  that its channelled structure is sustained 
by the Cu(II) in situ metallated porphyrin ligands of tetrakis(3,5-dicarboxybiphenyl)-
porphine (tdcbpp, Figure 6.1a) and the copper paddlewheel SBUs (Figure 6.1b). MMPF-
9 thus features a high density of Cu(II) sites in the confined nanospace, which affords it 
as a highly efficient Lewis-acid heterogeneous catalyst for chemical fixation of CO2 into 
cyclic carbonates at room temperature under 1 atm pressure. 
 
Figure 6.1 (a) Tetrakis(3,5-dicarboxybiphenyl)porphine (H10tdcbpp) ligand; (b) The 
copper paddlewheel SBU. (gray, C; red, O; turquoise, Cu) 
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6.2 Experimental Section 
6.2.1 MOF Synthesis 
A mixture of tetrakis(3,5-dicarboxybiphenyl)-porphine (H10tdcbpp) (2.0 mg), 
Cu(NO3)2·2.5H2O (5.0 mg) and 1.0 mL mixed solvent (0.2 mL formic acid and 0.8 mL 
N,N-dimethylformamide (DMF)) was sealed in a Pyrex tube under vacuum and heated 
at 75 oC for 72 hours. The resulting dark red block-shaped crystals were harvested as 
synthesized (yield: 75 % based on H10tdcbpp). The reaction was amplified to hundreds 
of milligrams quantity using multiple tubes. 
 
6.2.2 General Methods 
The single-crystal X-ray diffraction data for MMPF-9 was collected using Bruker-
AXS SMART-APEXII CCD diffractometer (CuKα, λ = 1.54178 Å). The gas adsorption 
isotherm of MMPF-9 was collected on the surface area analyzer ASAP 2020. Before the 
measurement, the freshly prepared sample was exchanged with methanol for 3 days. 
And then the sample of MMPF-9 was activated by supercritical CO2 instrument. The N2 
adsorption isotherm was measured at 77 K using a liquid N2 bath. 
In a typical reaction, the catalytic reaction was conducted in a Schlenk tube using 
the epoxide (25 mmol) with CO2 purged at 1 atm under solvent free environment at 
room temperature catalyzed by MMPF-9 (0.03125 mmol, calculated based on copper 
paddlewheel units) or HKUST-1 (0.03125 mmol) and co-catalyst of tetra-n-
butylammonium bromide (TBAB, 0.58g) for 48 hours. The products were monitored by 
GC-MS (HP-5MS column, 5% phenyl methyl siloxane, 30 m × 0.25 mm × 0.25 μm; 
injector temperature 250 °C). All products were identified by the comparison of GC 
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retention times and mass spectra with those of the authentic samples. For the recycling 
experiment, the reaction mixture was added with methanol and centrifuged for 5 min 
after the reaction. The liquid layer was siphoned out. And the residual solid was washed 
with methanol and centrifuged three times before being applied the same catalytic 
conditions. 
 
6.3 Results and Discussion 
The dark red block-shaped crystals of MMPF-9 were harvested by reacting 
H10tdcbpp with Cu(NO3)22.5H2O under solvothermal conditions. Single-crystal X-ray 
diffraction analysis revealed that MMPF-9 crystallizes in the hexagonal space group 
P63/mmc with an empirical formula of Cu6(CuC76H36N4O16)(HCO2)4(H2O)6. There exist 
two types of copper paddlewheel units in MMPF-9. The first type is those bridged by 
four carboxylate groups from four different tdcbpp ligands with two aqua ligands on the 
axial positions. The second type is those consisting of two coplanar carboxylate groups 
from two different tdcbpp ligands, two coplanar coordinated formate ions and two axial 
coordinated water molecules. The first type copper paddlewheel units can be simplified 
as 4-connected nodes whereas the second type can be considered as ditopic bridges. 
The porphyrin macrocycles of tdcbpp ligands are in situ metallated with Cu(II) during the 
synthesis process. Each Cu(II)-metallated tdcbpp [hereafter tdcbpp(Cu)] ligand 
connects eight SBUs through carboxylate groups from four isophthalate moieties to 
extend into a 3D framework. Two types of channels, truncated triangular (Figure 6.2a) 
and hexagonal (Figure 6.2b), are observed along c direction. The truncated triangular 
channel with an edge of ~14.0 Å (atom to atom distance) is enclosed by three 
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tdcbpp(Cu) ligands that are linked together through six 4-connected copper 
paddlewheel units. This means an array of nine copper sites point toward the truncated 
triangular channel. The hexagonal channel is formed by three tdcbpp(Cu) ligands that 
are bridged by six 2-connected copper paddlewheels units, and has a aperture of 24.7 
Å (atom to atom distance) along the diagonal. The hexagonal channel also features an 
array of nine copper sites that orient toward the channel center. Topologically, MMPF-9 
possesses a rare (4,12)-connected dinodal net with a new topology of smy (point 
symbol: (316·424·520·66·) (34·42)) if the first type copper paddlewheel units are simplified 
as 4-connected nodes and the basic building blocks (three tdcbpp(Cu) ligands linked 
with six second type copper paddlewheel units through 12 carboxyl groups) forming the 
hexagonal channel are considered as 12-connected nodes. MMPF-9 is porous and has 
a solvent accessible volume of 80.0% as calculated from PLATON.11  
 
Figure 6.2 (a) The truncated triangular channel; (b) The hexagonal channel; (c) The 
extended channels of MMPF-9 viewed along c direction. 
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The phase purity of MMPF-9 was verified by powder X-ray diffraction (PXRD) 
studies, which indicate that the diffraction patterns of the fresh sample are consistent 
with the calculated ones (Figure 6.3). To assess the permanent porosity of MMPF-9, N2 
adsorption isotherm at 77 K was collected for the activated sample, which reveals an 
uptake capacity of ~245 cm3 g-1 at the saturation pressure with typical type I adsorption 
behaviour (Figure 6.4), a characteristic of microporous materials. Derived from the N2 
adsorption data, MMPF-9 possesses a Brunauer-Emmett-Teller (BET) surface area of 
~850 m2 g-1 (P/P0 = 0.0001-0.1) corresponding to a Langmuir surface area of 1050 m
2 g-
1 (P/P0 =0.9). 
 
Figure 6.3 Powder X-ray diffraction patterns of MMPF-9. 
 
Figure 6.4 N2 adsorption isotherm of MMPF-9 at 77 K. 
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MOFs have recently been demonstrated to serve as heterogeneous Lewis acid 
catalysts for chemical conversion of CO2 into cyclic carbonates but under the conditions 
of high pressure (> 3 MPa) and high temperature (> 100 oC).12 Given the high density of 
copper sites confined within the nanoscopic channels of MMPF-9, we decided to 
evaluate its performances as a Lewis acid catalyst in the context of cycloaddition of CO2 
and epoxides to form cyclic carbonates at room temperature under 1 atm pressure. As 
shown in Table 6.1, MMPF-9 demonstrates highly efficient catalytic activity for 
cycloaddition of propylene oxide with CO2 into propylene carbonate at room 
temperature under 1 atm CO2 pressure with a yield of 87.4% over 48 hours (Table 6.1, 
entry 1). MMPF-9 outperforms the benchmark copper MOF of HKUST-1, which exhibits 
a moderate activity with propylene carbonate yield of 49.2% over 48 h under similar 
reaction conditions (Table 6.1, entry 2). We reasoned the high catalytic activity of 
MMPF-9 for chemical fixation of CO2 under ambient conditions should be mainly 
ascribed to the high density of active sites confined in the accessible nanscopic 
channels. 
We examined the performances of MMPF-9 in chemical fixation of CO2 with 
different functional group substituted epoxides under the ambient conditions. A high 
catalytic activity was also observed for cycloaddition of butylene oxide with CO2 into 
butylene carbonate at room temperature under 1 atm pressure with a yield of 80.3% 
over 48 hours (Table 6.1, entry 3). Interestingly, with the increase of molecular sizes of 
epoxide substrates, a substantial decrease in the yield of cyclic carbonate was 
observed, as indicated by the 30.5% yield of 3-butoxy-1,2-propylene carbonate (Table 
6.1, entry 4) and 29.7% yield of 3-allyloxy-1,2-propylene carbonate (Table 6.1, entry 5) 
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from butyl glycidyl ether and allyl glycidyl ether, respectively. This could be attributed to 
the limited diffusion of large-sized epoxide molecules thus displaying “apparent” size-
selective catalysis.13 Nonetheless, the yield of cyclic carbonate increases from 30.5% to 
65.9% (Table 6.1, entry 5) for butyl glycidyl ether when the reaction time is extended 
from 48 hours to 96 hours, which can be tentatively ascribed to the heavily delayed 
mass transportation for large-sized substitute molecules. MMPF-9 can be recycled 
without significant drop in catalytic activity (Table 6.1, entry 6). 
Table 6.1 Different substituted epoxides coupled with CO2 catalyzed by MOFs.  
 
According to some literatures,12 a tentative mechanism was proposed for the 
cycloaddition of epoxide and CO2 into cyclic carbonate catalyzed by MMPF-9, as 
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illustrated in Figure 6.5: The epoxide first binds with the Lewis acidic copper site in the 
nanoscopic channel of MMPF-9 through the oxygen atom of epoxide, and this step 
leads to the activation of the epoxy ring. The less-hindered carbon atom of the activated 
epoxide is then attacked by the Br- generated from n-Bu4NBr thus to open the epoxy 
ring. Subsequently CO2 interacts with the oxygen anion of the opened epoxy ring to 
form an alkylcarbonate anion, which is then converted into the corresponding cyclic 
carbonate through a ring closing step. We speculate that a high density of copper Lewis 
acid sites pointing toward the channel center could boost the synergistic effect with n-
Bu4NBr thus facilitating the cycloaddition reaction, which thereby results in high catalytic 
activity of MMPF-9 for converting CO2 into cyclic carbonates under ambient conditions. 
Notwithstanding, detailed mechanistic studies to probe the intermediates during the 
cycloaddition reaction could be necessary, and research along this line will be 
conducted in the near future. 
 
Figure 6.5 The schematic representation of the tentatively proposed catalytic 
mechanism for the cycloaddition of epoxide and CO2 into cyclic carbonate catalyzed by 
MMPF-9. (turquoise ball: Cu(II) site from either porphyrin center or copper paddlewheel 
units) 
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6.4 Conclusion 
In summary, a porous metal-metalloporphyrin framework, MMPF-9, was 
constructed from a custom-designed octatopic porphyrin ligand that links Cu2(CO2)4 
paddlewheel moieties. MMPF-9 features a high density of copper sites in the 
nanoscopic channels, which affords it as a highly efficient Lewis acid-based 
heterogeneous catalyst for chemical fixation of CO2 with epoxides to form cyclic 
carbonates under ambient conditions. 
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CHAPTER SEVEN:  
CRYSTAL ENGINEERING OF AN NBO TOPOLOGY MOF FOR CHEMICAL 
FIXATION OF CO2 UNDER AMBIENT CONDITIONS  
 
Note to Reader 
Portions of this chapter have been previously published in Angew. Chem. Int. Ed., 
2014, 53: 2615-2619, and have been reproduced with permission from Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
 
7.1 Introduction 
Carbon dioxide (CO2), as the major greenhouse gas, accumulates in the 
atmosphere at an alarming pace and is suspected to cause global warming over the 
past several decades. It is thus imperative to develop viable carbon dioxide capture and 
sequestration (CCS) technologies to reduce the greenhouse emissions.1 The 
drawbacks of energy-cost, corrosion and inefficiency for amine-based wet-scrubbing 
systems which are currently used in industry,2 have prompted the exploration of 
alternative approaches for CCS. Extensive efforts have been dedicated to the 
development of functional nanoporous materials, such as activated carbons,3 zeolites,4 
metal-organic frameworks (MOFs),5 and porous organic polymers,6 to capture CO2; and 
captured CO2 is proposed to be sequestered by deposition in underground reservoirs.
7  
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A different yet attractive means of effective sequestration can turn to chemical 
conversion of captured CO2 into value-added chemicals, such as dimethyl carbonate,
8 
cyclic carbonate,9 N,N’-disubstituted ureas,10 formic acid11 and others.12 Given their 
wide applications in pharmaceutical and fine chemical industries,13 cyclic carbonates 
formed via the coupling of epoxide with CO2 have been of intensive interest. Although 
some homogeneous catalysts have been widely used for the formation of cyclic 
carbonate in industry,14 the processes require high temperatures and pressures as well 
as rigorous separation and purification of the products.15 This necessitates the 
development of highly efficient heterogeneous catalysts for synthesizing cyclic 
carbonates particularly under mild conditions. Several types of heterogeneous catalysts, 
such as metal oxides, zeolites, titanosilicate, and ion-exchanged resin, have been 
explored to catalyze the coupling reactions of epoxides with CO2, but only under the 
conditions of high temperatures (> 100 oC) and high CO2 pressures (> 3 MPa),
16 thus 
increasing the cost of reaction processes in terms of both capital and energy input. 
Therefore, there is still a need to search for new types of heterogeneous catalysts that 
are capable of efficiently converting CO2 into cyclic carbonates under the very mild 
reaction conditions (that is, ambient conditions). 
Metal-organic frameworks (MOFs),17 which feature structural versatility,18 
modularity19 and amenability to be designed with specific functionality,20 have been 
explored as a new type of functional materials for heterogeneous catalysts over the past 
decade.21 Although several existing MOFs have recently been evaluated as 
heterogeneous Lewis acid catalysts for chemical conversion of CO2, high pressure and 
high temperature reaction conditions are required to achieve high efficiency,22 which 
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could be presumably due to the low density of active sites in those MOFs. To achieve a 
high density of catalytically active sites in MOFs, one appealing approach is to decorate 
vertexes, and/or edges, and/or faces of polyhedral cages in MOFs with catalytically 
active centers thereby affording MOF-based nanoreactors.23 This kind of nanoreactor 
can not only exhibit a high density of active sites within the confined nanospace, but 
also can allow the active sites to orient well toward the center of the cage, thus 
facilitating the interactions between the active sites and substrates,24 with expectation of 
efficiently catalyzing the coupling reactions of epoxides with CO2 under very mild 
conditions. Herein, we report how to achieve such a MOF-based nanoreactor that can 
convert CO2 into cyclic carbonates with high efficiency at room temperature under 1 atm 
pressure by crystal engineering of the nbo MOF platform with a custom-designed 
azamacrocycle ligand. 
The prototypal nbo MOF platform25 is exemplified by MOF-505,25a which is 
based upon 3,3',5,5'-biphenyltetracarboxylate (bptc, Figure 7.1) ligand and copper 
paddlewheel secondary building units (SBUs). MOF-505 consists of a cuboctahedral 
cage with 12 copper paddlewheels residing on the vertexes (Figure 7.2a). As the 12 
copper centers on the vertexes are not well-oriented toward the center of the 
cuboctahedral cage, their full accessibility for the substrates entering the cage could be 
restricted, thus leading to possible limited performances as Lewis acid catalysts. One 
way to introduce additional active copper sites that can be aligned toward the cage 
center, thus promoting the interactions between active sites and substrates, is by 
decorating the six square faces of the cuboctahedral cage with copper centers. This has 
been achieved via a crystal engineering approach in the nbo topology MOF, MMCF-2 
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(MMCF denotes metal-macrocyclic framework) as reported herein, in which each of the 
six square faces of the cuboctahedral cage is occupied by the Cu(II) metallated 
azamacrocycle (Figure 7.2b). As expected, the cuboctahedral cage of MMCF-2 can 
function as highly efficient Lewis acid-based nanoreactor for the cycloaddition of CO2 
and epoxide under ambient conditions, as twice efficiency as the parent MOF-505. 
 
Figure 7.1 The ligands that serve as linkers in MOF-505 and MMCF-2: (a) 3,3’,5,5’-
biphenyltetracarboxylic acid (H4bptc); (b) 1,4,7,10-tetrazazcyclododecane-N,N’,N’’,N’’’-
tetra-p-methylbenzoic acid (tactmb). 
 
Figure 7.2 The cuboctahedral cage of (a) MOF-505 and (b) MMCF-2.  
 
7.2 Experimental Section 
7.2.1 MOF Synthesis 
A mixture of 1,4,7,10-tetrazazcyclododecane-N,N’,N’’,N’’’-tetra-p-methylbenzoic 
acid (tactmb) (1 mg), Cu(NO3)·2.5H2O (3 mg) and N,N’-dimethylacetamide (DMA) (1.0 
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mL) with 2 drops of HBF4 (47% aqueous solution) was added in a 4 mL vial and heated 
at 85 oC for 3 days. The resulting dark blue blocked crystals of MMCF-2 were obtained 
(yield: 75% based on tactmb ligand). MOF-505 were prepared using the procedures 
reported in the literature.25a 
 
7.2.2 General Methods 
The single-crystal X-ray diffraction data of MMCF-2 were collected using 
synchrotron radiation (λ = 0.41328 Å) at Advanced Photon Source, Sector 15-ID-B, 
Argonne National Laboratory. The gas adsorption isotherm was collected on the surface 
area analyzer ASAP 2020. Before the measurement, the freshly prepared sample was 
exchanged with methanol for 3 days. And then the sample of MMCF-2 was activated by 
supercritical CO2 instrument.
2 The N2 adsorption isotherm was measured at 77 K using 
a liquid N2 bath. The CO2 adsorption isotherm was measured at 298 K using a water 
bath. 
In a typical reaction, the catalytic reaction was conducted in a Schlenk tube using 
the epoxide (25 mmol) with CO2 purged at 1 atm under solvent free environment at 
room temperature catalyzed by the selected catalyst (Table S1) (0.125 mol % 
calculated based on copper paddlewheel units) and co-catalyst of tetra-n-
tertbutylammonium bromide (TBAB, 0.58g) for 48 hours. The products were monitored 
by GC−MS (HP-5MS column, 5% phenyl methyl siloxane, 30 m × 0.25 mm × 0.25 μm; 
injector temperature 250 °C). All products were identified by the comparison of GC 
retention times and mass spectra with those of the authentic samples. 
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7.3 Results and Discussion 
  MMCF-2 was prepared as dark blue block-shaped crystals (empirical formula: 
[Cu2(Cu-tactmb)(H2O)3(NO3)2]) by the self-assembly of the azamacrocyclic 
tetracarboxylate ligand, 1,4,7,10-tetrazazcyclododecane-N,N',N'',N'''-tetra-p-
methylbenzoic acid (tactmb)26 with Cu(NO3)2 under solvothermal conditions. Single-
crystal X-ray diffraction analysis conducted at the Advanced Photo Source, Argonne 
National Laboratory revealed that MMCF-2 crystallizes in Pm-3m space group, with a = 
21.753(2) Å. It consists of Cu2(COO)4 SBUs that serve as one type of 4-connected 
square planar nodes as well as the tetracarboxylate tactmb ligands that can be deemed 
as another type of 4-connected square planar nodes, thereby affording the expected 
nbo topology. Every six tactmb ligands connect 12 paddle wheel SBUs to form a 
nanoscopic cuboctahedral cage with six Cu(II) metallated azamacrocycles occupying 
the six square faces (Figure 7.2b), meaning an addition of six center-oriented copper 
sites as compared to the  cuboctahedral cage in MOF-505.25a MMCF-2 is porous and 
exhibits a solvent accessible volume of ~69% as calculated by PLATON.27  
The phase purity of MMCF-2 was verified by powder X-ray diffraction (PXRD) 
studies, which indicate that the diffraction patterns of the fresh sample are consistent 
with the calculated ones (Figure 7.3). Thermogravimetric analysis (TGA) studies on 
freshly prepared MMCF-2 (Figure 7.4) show a continuous weight loss of guest 
molecules from room temperature to about 290 oC followed by the decomposition of the 
framework, as similar to other nbo topology MOFs.25 The permanent porosity of MMCF-
2 was assessed by N2 adsorption studies at 77 K (Figure 7.5), revealing a Brunauer-
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Emmett-Teller (BET) surface area of ~450 m2 g-1 (corresponding to a Langmuir surface 
area of ~540 m2 g-1). 
 
Figure 7.3 PXRD patterns of MMCF-2. 
 
Figure 7.4 Thermogravimetric analysis plots of MMCF-2. 
 
Figure 7.5 N2 adsorption isotherm of MMCF-2 at 77 K. 
 
95 
Given the high density of copper sites in the cuboctahedral cage of MMCF-2 and 
its capability to adsorb substantial amount of CO2 at ambient temperature (Figure 7.6), 
we decided to evaluate its performances as Lewis acid based nanoreactor in the 
context of cycloaddition of CO2 and epoxides to form cyclic carbonates at room 
temperature and under 1 atm pressure. Control experiments were conducted for 
homogeneous Cu(II) metallated  azamacrocycle of Cu(tactmb) and MOF-505. As shown 
in Figure 7.7 and Table 7.1, MMCF-2 demonstrates highly efficient catalytic activity for 
cycloaddition of propylene oxide with CO2 into propylene carbonate at room 
temperature under 1 atm CO2 pressure with a yield of 95.4% over 48 h (Table 7.1, entry 
1). This compares favorably to the corresponding value for homogeneous Cu(tactmb) 
(47.5% yield, Table 7.1, entry 2) and MOF-505 (48.0% yield, Table 7.1, entry 3). MMCF-
2 also outperforms the benchmark polyhedral cage-containing copper MOF, HKUST-1, 
which exhibits a moderate activity with propylene carbonate yield of 49.2% over 48 h 
under similar reaction conditions (Table 7.1, entry 4).  
 
Figure 7.6 CO2 adsorption isotherm of MMCF-2 at 298 K. 
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Table 7.1 Various carbonates from different epoxides catalyzed by various catalystsa 
Entry Catalyst Epoxides Products Yield(%) 
1 MMCF-2   
95.4 
2 Cu(tactmb)b   
47.5 
3 MOF-505   
48.0 
4 HKUST-1   
49.2 
5 MMPF-9   
87.4 
6 MMCF-2  
 
88.5 
7 MMCF-2   
43.3 
8 MMCF-2   
42.1 
9 MMCF-2 
  
37.6 
aReaction conditions: epoxide (25.0 mmol) with catalyst 
(0.125 mol% per paddlewheel units), n-Bu4NBr (0.58 g), 
under 1 atm CO2 at room temperature for 48 hours. 
bCu(tactmb) loaded as the same amount of azamacrocycle 
within MMCF-2. 
 
We reasoned that the high catalytic activity of MMCF-2 for chemical fixation of 
CO2 under ambient conditions should be mainly attributed to the high density of active 
sites with some of them well-oriented in the cuboctahedral cage, which could promote 
the interactions between substrates and active sites. This is supported by the fact that 
MMCF-2 can catalyze the cycloaddition of propylene oxide with CO2 into propylene 
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carbonate as about twice efficiency as MOF-505, although number of active copper 
sites in the cuboctahedral cage of MMCF-2 is 50% more than that in the cuboctahedral 
cage of MOF-505 (18 for MMCF-2 v.s. 12 for MOF-505). The importance of the well-
oriented active copper sites in the cuboctahedral cage is also evidenced by the higher 
catalytic activity of MMCF-2 compared to the high-density active sites containing MOF, 
MMPF-928 (95.4% for MMCF-2 v.s. 87.4% for MMPF-9) (Table 7.1, entry 5). These 
results thus highlight the Cu(II)-azamacrocycle decorated cuboctahedral cage in MMCF-
2 as a highly efficient Lewis acid-based nanoreactor for chemical conversion of CO2 into 
cyclic carbonate under ambient conditions. Indeed, the ability of MMCF-2 to chemically 
convert CO2 into cyclic carbonate with high efficiency under such mild conditions of 
room temperature and 1 atm pressure is advantageous to some existing MOFs22 and 
metal-salen based porous organic networks,16e,29 which require high pressure and high 
temperature reaction conditions to achieve high efficiency. The evaluation of MMCF-2 
on converting CO2 into value-added chemicals such as cyclic carbonates also 
represents a step beyond the numerous studies on CO2 physisorption in MOFs
5,30 and 
recent investigations on chemical fixation of CO2 into carbonic acid/carbonate in 
MOFs.31 
We examined the performances of MMCF-2 in chemical fixation of CO2 with 
different functional group substituted epoxides under ambient conditions. A high 
catalytic activity was also observed for cycloaddition of butylene oxide with CO2 into 
butylene carbonate at room temperature and 1 atm pressure with a yield of 88.5% over 
48 hours (Table 7.1, entry 6). Interestingly, with the increase of molecular sizes of 
epoxide substrates, a dramatic yet steady decrease in the yield of cyclic carbonates 
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was observed, as indicated by the 43.3% formation of 3-allyloxy-1,2-proplyene 
carbonate (Table 7.1, entry 7), 42.1% formation of 3-butoxy-1,2-propylene carbonate 
(Table 7.1, entry 8), and 37.6% formation of 3-phenoxy-1,2-propylene carbonate from 
allyl glycidyl ether (Table 7.1, entry 9), butyl glycidyl ether and benzyl phenyl glycidyl 
ether, respectively. This could be possibly ascribed to the limited diffusion of large-sized 
epoxide substrate molecules into the cuboctahedral cage of MMCF-2 thus exerting size-
selective catalysis.21,32 
On the basis of some literatures,22 a tentative mechanism is proposed for the 
cycloaddition of epoxide and CO2 into cyclic carbonate catalyzed by the strong Lewis 
acid-based catalyst of MMCF-2, as illustrated in Figure 7.7: The coupling reaction is 
initiated by binding the epoxide with the Lewis acidic copper site in the cuboctahedral 
cage of MMCF-2 through the oxygen atom of epoxide thus to activate the epoxy ring. 
Subsequently, the Br- generated from n-Bu4NBr attacks the less-hindered carbon atom 
of the coordinated epoxide to open the epoxy ring. This is followed by the interaction of 
CO2 with the oxygen anion of the opened epoxy ring forming an alkylcarbonate anion, 
which is then converted into the corresponding cyclic carbonate through the ring closing 
step. We deduce that a high density of copper Lewis acid sites well-oriented toward the 
cage center could boost the synergistic effect with n-Bu4NBr through the confined 
nanospace, thus promoting the cycloaddition reaction, which thereby leads to high 
catalytic activity of MMCF-2 for chemical conversion of CO2 into cyclic carbonates under 
ambient conditions. Indeed, detailed mechanistic studies to probe the intermediates 
during the cycloaddition reaction could be necessary, and research along this line will 
be conducted in the near future. 
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Figure 7.7 A representation of the tentatively proposed catalytic mechanism for the 
cycloaddition of epoxide and CO2 into cyclic carbonate catalyzed by MMCF-2. (green 
ball: open metal site; L+ = tetra-n-butylammonium)    
 
7.4 Conclusion 
In summary, a polyhedral cage-based nanoreactor featuring a high density of 
catalytically active yet well-oriented copper sites has been achieved in MMCF-2 by 
decoration of the nbo topology platform of MOF-505, with a custom-designed 
azamacrocycle ligand which is in situ metalated with Cu(II). MMCF-2 demonstrates 
excellent performances in the context of chemical fixation of CO2 into cyclic cabonates 
at room temperature under 1 atm pressure that is superior to the parent MOF-505 and 
the other copper-based MOF of HKUST-1. The crystal engineering approach for the 
generation and alignment of a high density of catalytically active centers within the 
confined nanospace by the custom-design of functional ligands is expected to be a 
broadly applicable way for the development of new classes of highly efficient 
heterogeneous catalytic systems for chemical fixation of CO2 and related reactions. 
100 
7.5 References 
1 (a) S. Chu, Science, 2009, 325, 1599; (b) J.-R. Li, Y. Ma, M. C. McCarthy, J. Sculley, 
J. Yu, H.-K. Jeong, P. B. Balbuena and H.-C. Zhou, Coord. Chem. Rev., 2011, 255, 
1791. 
2 (a) J. Johnson, Chem. Eng. News, 2004, 82, 36; (b) J. Liu, P. K. Thallapally, B. P. 
McGrail, D. R. Brown and J. Liu, Chem. Soc. Rev., 2012, 41, 2308. 
3 (a) G.-P. Hao and A.-H. Lu, Annu. Rep. Prog. Chem. Sect. A: Inorg. Chem., 2013, 
109, 484; (b) Y. Zhang, B. Li, K. Williams, W.-Y. Gao and S. Ma, Chem. Commun., 
2013, 49, 10269. 
4 M. R. Hudson, W. L. Queen, J. A. Mason, D. W. Fickel, R. F. Lobo and C. M. Brown, 
J. Am. Chem. Soc., 2012, 134, 1970. 
5 (a) S. Xiang, Y. He, Z. Zhang, H. Wu, W. Zhou, R. Krishna and B. Chen, Nat. 
Commun., 2012, 3, 954; (b) P. Nugent, Y. Belmabkhout, S. D. Burd, A. J. Cairns, R. 
Luebke, K. Forrest, T. Pham, S. Ma, B. Space, L. Wojtas, M. Eddaoudi and M. J. 
Zaworotko, Nature, 2013, 495, 80. 
6 (a) A. I. Cooper, Adv. Mater., 2009, 21, 1291; (b) W. Lu, J. P. Sculley, D. Yuan, R. 
Krishna, Z. Wei and H.-C. Zhou, Angew. Chem. Int. Ed., 2012, 51, 7480. 
7 M. Aresta and A. Dibenedetto, Catal. Today, 2004, 98, 455. 
8 J.-C. Choi, N.-L. He, H. Yasuda and T. Sakakura, Green Chem., 2002, 4, 230. 
9 D. J. Darensbourg and M. W. Holtcamp, Coord. Chem. Rev., 1996, 153, 155. 
10 T. Jiang, X. Ma, Y. Zhou, S. Liang, J. Zhang and B. Han, Green Chem., 2008, 10, 
465. 
11 (a) Y. Himeda, N. Onozawa-Komatsuzaki, H. Sugihara and K. Kasuga, J. Am. Chem. 
Soc., 2005, 127, 13118; (b) Z. Zhang, Y. Xie, W. Li, S. Hu, J. Song, T. Jiang and B. 
Han, Angew. Chem. Int. Ed., 2008, 47, 1127; (c) Y. Fu, D. Sun, Y. Chen, R. Huang, 
Z. Ding, X. Fu and Z. Li, Angew. Chem. Int. Ed., 2012, 51, 3364. 
12 (a) S. Fukuoka, M. Kawamura, K. Komiya, M. Tojo, H. Hachiya, K. Hasegawa, M. 
Aminaka, H. Okamoto, I. Fukawa and S. Konno, Green Chem., 2003, 5, 497; (b) R. 
N. Salvatore, S. I. Shin. A. S. Nagle and K. W. Jung, J. Org. Chem., 2001, 66, 1035. 
13 M. Yoshida and M. Ihara, Chem. Eur. J., 2004, 10, 2886. 
14 (a) X.-B. Lu, B. Liang, Y.-J. Zhang, Y.-Z. Tian, Y.-M. Wang, C.-X. Bai, H. Wang and 
R. Zhang, J. Am. Chem. Soc., 2004, 126, 3732; (b) H. Yasuda, L.-N. He, T. 
Sakakura and C. Hu, J. Catal., 2005, 233, 119; (c) A. Decortes, A. M. Castilla and A. 
W. Kleij, Angew. Chem. Int. Ed., 2010, 49, 9822; (d) M. Mikkelsen, M. Jørgensen 
and F. C. Krebs, Energy Environ. Sci., 2010, 3, 43; (e) J. Sun, L. Han, W. Cheng, J. 
Wang, X. Zhang and S. Zhang, ChemSusChem, 2011, 4, 502. 
15 J.-Q. Wang, D.-L. Kong, J.-Y. Chen, F. Cai and L.-N. He, J. Mol. Catal. A: Chem., 
2006, 249, 143. 
16 (a) T. Yano, H. Matsui, T. Koike, H. Ishiguro, H. Fujihara, M. Yoshihara and T. 
Maeshima, Chem. Commun., 1997, 1129; (b) K. Yamaguchi, K. Ebitani, T. Yoshida, 
H. Yoshida and K. Kaneda, J. Am. Chem. Soc., 1999, 121, 4526; (c) E. J. Doskocil, 
S. V. Bordawekar, B. C. Kaye and R. J. Davis, J. Phys. Chem. B, 1999, 103, 6277; 
(d) H. Yasuda, L.-N. He and T. Sakakura, J. Catal., 2002, 209, 547; (e) Y. Xie, T.-T. 
Wang, X.-H. Liu, K. Zou and W.-Q. Deng, Nature Commun., 2013, 4, 1960. 
101 
17 (a) L. R. Macgillivray, Metal-Organic Frameworks: Design and Application, Wiley, 
Hoboken, 2010; (b) H.-C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012, 112, 
673. 
18 (a) S. Kitagawa, R. Kitaura and S.-I. Noro, Angew. Chem. Int. Ed., 2004, 43, 2334; 
(b) S. Qiu and G. Zhu, Coord. Chem. Rev., 2009, 253, 2891. 
19 M. O’Keeffe and O. M. Yaghi, Chem. Rev., 2012, 112, 675. 
20 (a) O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi and J. Kim, 
Nature, 2003, 423, 705; (b) N. W. Ockwig, O. Delgado-Friedrichs, M. O’Keeffe and 
O. M. Yaghi, Acc. Chem. Res., 2005, 38, 176. 
21 (a) A. Corma, H. Garcıa and F. X. Llabrees i Xamena, Chem. Rev., 2010, 110, 4606; 
(b) C. Zhu, G. Yuan, X. Chen, Z. Yang and Y. Cui, J. Am. Chem. Soc., 2012, 134, 
8058. 
22 (a) J. Song, Z. Zhang, S. Hu, T. Wu, T. Jiang and B. Han, Green Chem., 2009, 11, 
1031; (b) E. E. Maciasa, P. Ratnasamy and M. A. Carreon, Catal. Today, 2012, 198, 
215; (c) C. M. Miralda, E. E. Macias, M. Zhu, P. Ratnasamy and M. A. Carreon, ACS 
Catal., 2012, 2, 180; (d) J. Kim, S.-N. Kim, H.-G. Jang, G. Seo and W.-S. Ahn, Appl. 
Catal. A: General, 2013, 453, 175; (e) M. Zhu, D. Srinivas, S. Bhogeswararao, P. 
Ratnasamy and M. A. Carreon, Catal. Commun., 2013, 32, 36; (f) D. Feng, W.-C. 
Chung, Z. Wei, Z.-Y. Gu, H.-L. Jiang, Y.-P. Chen, D. J. Darensbourg and H.-C. Zhou, 
J. Am. Chem. Soc., 2013, 135, 17105. 
23 (a) G. R. Desiraju, Angew. Chem. Int. Ed., 2007, 46, 8342; (b) J. J. Perry IV, J. A. 
Perman and M. J. Zaworotko, Chem. Soc. Rev., 2009, 38, 1400; (c) S.-T. Zheng, T. 
Wu, B. Irfanoglu, F. Zuo, P. Feng and X. Bu, Angew. Chem. Int. Ed., 2011, 50, 8034; 
(d) A. Mallick, B. Garai, D. Díaz and R. Banerjee, Angew. Chem. Int. Ed., 2013, 52, 
13755. 
24 (a) L. Meng, Q. Cheng, C. Kim, W.-Y. Gao, L. Wojtas, Y.-S. Chen, M. J. Zaworotko, 
X. P. Zhang and S. Ma, Angew Chem. Int. Ed., 2012, 51, 10082; (b) X.-S. Wang, M. 
Chrzanowski, L. Wojtas, Y.-S. Chen and S. Ma, Chem. Eur. J., 2013, 19, 3297. 
25 (a) B. Chen, N. W. Ockwig, A. R. Millward, D. S. Contreras and O. M. Yaghi, Angew. 
Chem. Int. Ed., 2005, 44, 4745; (b) X. Lin, J. Jia, X. Zhao, K. M. Thomas, A. J. Blake, 
G. S. Walker, N. R. Champness, P. Hubberstey and M. Schroder, Angew. Chem. Int. 
Ed., 2006, 45, 7358; (c) Y.-G. Lee, H. R. Moon, Y. E. Cheon and M. P. Suh, Angew. 
Chem. Int. Ed., 2008, 47, 7741; (d) S. Ma, D. Sun, J. M. Simmons, C. D. Collier, D. 
Yuan and H.-C. Zhou, J. Am. Chem. Soc., 2008, 130, 1012; (e) X. Lin, I. Telepeni, A. 
J. Blake, A. Dailly, C. M. Brown, J. M. Simmons, M. Zoppi, G. S. Walker, K. M. 
Thomas, T. J. Mays, P. Hubberstey, N. R. Champness and M. Schroder, J. Am. 
Chem. Soc., 2009, 131, 2159; (f) D. Sun, S. Ma, J. M. Simmons, J.-R. Li, D. Yuan 
and H.-C. Zhou, Chem. Commun., 2010, 46, 1329. 
26 W.-Y. Gao, Y. Niu, Y. Chen, L. Wojtas, J. Cai, Y.-S. Chen and S. Ma, 
CrystEngComm, 2012, 14, 6115. 
27 Spek, A. L. J. Appl. Crystallogr., 2003, 36, 7. 
28 W.-Y. Gao, L. Wojtas and S. Ma, Chem. Commun., 2014, 50, 5316.  
29 J. Chun, S. Kang, N. Kang, S. M. Lee, H. J. Kim and S. U. Son, J. Mater. Chem. A, 
2013, 1, 5517. 
30 (a) J. G. Vitillo, M. Savonnet, G. Ricchiardi and S. Bordiga, ChemSusChem, 2011, 4, 
1281; (b) B. P. Biswal, T. Panda and R. Banerjee, Chem. Commun., 2012, 48, 
102 
11868; (c) R. Banerjee , H. Furukawa , D. Britt , C. Knobler , M. O’Keeffe and O. M. 
Yaghi, J. Am. Chem. Soc., 2009, 131, 3875. 
31 (a) J. J. Gassensmith, H. Furukawa, R. A. Smaldone, R. S. Forgan, Y. Y. Botros, O. 
M. Yaghi and J. F. Stoddart, J. Am. Chem. Soc., 2011, 133, 15312; (b) S, Garai, E. 
T. K. Haupt, H, Bögge, A. Merca and A. Müller, Angew. Chem. Int. Ed., 2012, 51, 
10528.  
32 (a) S. Horike, M. Dincă, K. Tamaki and J. R. Long, J. Am. Chem. Soc., 2008, 130, 
5854; (b) Y. Chen, V. Lykourinou, T. Hoang, L.-J. Ming and S. Ma, Inorg. Chem., 
2012, 51, 9156. 
103 
CHAPTER EIGHT:  
INSERTING CO2 INTO ARYL C-H BONDS OF MOFS: CO2 UTILIZATION FOR 
DIRECT HETEROGENEOUS C-H ACTIVATION 
 
Note to Reader 
Portions of this chapter have been previously published in Angew. Chem. Int. Ed., 
2016, 55: 5472-5476, and have been reproduced with permission from Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
 
8.1 Introduction 
Carbon dioxide (CO2), the major component of greenhouse gases, accumulates 
in the atmosphere at an alarming rate and is deemed as the main culprit for global 
warming and climate change. Thus, there are increasing demands for carbon capture 
and sequestration as CO2 emissions are currently a matter of genuine public concern.
1 
In contrast with CO2 capture and storage by sorbent materials,
2 the chemical 
transformation of CO2 into value-added products represents an alternative, which is 
attractive and sustainable, and has been of an escalating interest.3 CO2 could serve as 
an ideal C1 source for organic synthesis because of its abundance, nontoxicity, and 
potential as a renewable resource. Nonetheless, the inertness of CO2 makes it a 
formidable challenge to directly activate a CO2 molecule and form a C-C bond, 
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particularly under mild conditions.4 This challenge has triggered continuous yet 
intensive interest in the research of CO2 activation, for example, chemical fixation and 
reduction of CO2.
3-5 
Over the past two decades, metal-organic frameworks (MOFs)6 have emerged as 
a new family of functional porous materials with great potential for applications in gas 
storage/separation,7 catalysis,8 sensing,9 conductivity,10 etc.11 In particular, MOFs have 
been extensively investigated as sorbents for CO2 capture and storage,
12 and recently 
there has also been increasing interest in exploring MOFs as catalysts for CO2 chemical 
fixation and/or reduction.13 Distinct from existing studies, we herein demonstrate a new 
approach of CO2 utilization as C1 building block  by chemically inserting CO2 into the 
aryl C-H bond of MOF backbones to generate free carboxylate group, which not only 
remains as the most obviously incompatible functional group within MOFs, but also 
features a prominent functionality in various applications.14 Our work delineates the very 
first example of utilizing CO2 for direct solid-state C-H activation and carboxylation 
reactions on a MOF, and the generated carboxylate group provides an opportunity for 
further exploration in terms of application and modification of the MOF. This proof-of-
concept study thereby presents a new scenario of CO2 utilization within a MOF platform 
and also contributes a different perspective to the current landscape of CO2 capture and 
transformation. 
Our inspiration to insert CO2 into the aryl C-H bond of the backbone of a MOF for 
direct heterogeneous C-H activation is based upon the tremendous progress recently 
made in the field of C-H functionalization/activation in homogeneous systems.15 To 
demonstrate the proof-of-concept, we select the MOF UiO-67 as the platform for studies 
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because of its remarkable chemical stability and large pore size.16 The linear linker of 2-
phenylpyridine-5,4'-dicarboxylic acid (dcppy) is employed to construct the UiO MOF, 
which can facilitate the introduction of cyclometaled complexes into the host framework 
for further postsynthetic modification.17 As shown in Figure 8.1, the resultant UiO-
67(dcppy) is built up from the inorganic SBUs (secondary building units) of Zr6O4(OH)4 
bounded to twelve organic linkers of dcppy, affording a three dimensional periodic fcu-
type network. Two types of cages sustain the structure: a centric octahedral cage 
connected to eight tetrahedral cages through triangular windows. 
 
Figure 8.1 Structures of UiO-67(dcppy) or UiO-67(dcppy)-COOH, composed of the 
cuboctahedral SBU, Zr6(OH)4O4(CO2)12, and linear linkers, sustained by octahedral and 
tetrahedral cages. 
 
8.2 Experimental Section 
8.2.1 General Methods 
Starting materials and solvents were purchased and used without further 
purification from commercial suppliers (Sigma-Aldrich, Fisher Scientific, and others). 
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Powder X-ray diffraction patterns were collected using on a Bruker D8 Advance X-ray 
diffractometer at 40 kV, 40 mA for CuKα (λ = 1.5418 Å), with a scan speed of 0.5 s/step 
(6°/min) and a step size of 0.02° in 2θ at room temperature. Diffraction patterns were 
processed from 5o to 50o. FT-IR spectra were conducted on a Perkin Elmer Spectrum 
Two FT-IR instrument in a range from 4000 to 500 cm-1. Nuclear magnetic resonance 
spectra (13C NMR and 1H NMR) were record by a Varian UnityInova400 spectrometer. 
Approximately 25 mg of activated UiO-67(dcppy) and UiO-67(dcppy)-COOH were 
digested with sonication in 0.75 mL deuterated DMSO and 15.0 µL HF for NMR studies. 
LC-MS was test on Agilent Technologies LC/MSD VL single quadropole mass 
spectrometer. Approximately 1 mg of activated UiO-67(dcppy)-COOH was digested with 
sonication in 1.0 mL potassium hydroxide (40 wt%) for LC-MS studies. Analytical HPLC 
trace was detected at 254 nm on Waters Breeze 2 HPLC system. 5% to 100% linear 
gradient of solvent B (0.1% TFA in acetonitrile) in A (0.1% TFA in water) over 40 min 
was used. ICP-MS analysis was performed on a Perkin-Elmer Elan DRC II Quadrupole 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) analyzer. The single crystal 
X-ray data of 2-phenylpyridine-5,2',4'-tricarboxylic acid (tcppy) was collected using 
Bruker-AXS D8 VENTURE diffractometer coupled with lµS microfocus X-ray source 
(CuKα = 1.54178 Å) and PHOTON 100 detector at 100 Kelvin. 
Gas adsorption measurements were performed using a Micromeritics ASAP 
2020 surface area and porosimetry analyzer. In order to calculate surface areas, 
nitrogen adsorption isotherms at 77K were collected using the liquid nitrogen bath. In a 
typical experiment, ~50 mg of the sample was washed with fresh DMF several times. 
Methanol was selected to do solvent-exchange to remove the nonvolatile solvates (DMF) 
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for ~ 3 days. After the removal of methanol by decanting, the sample was activated by 
drying under vacuum for 3 hours at room temperature, then was dried again by using 
the “degas” function of ASAP 2020 overnight at 150 oC prior to gas adsorption 
measurement.  
Temperature-programmed desorption of NH3 (NH3-TPD) was carried out on 
FINESORB-3010 equipped with a thermal conductivity detector. The samples were first 
outgassed under 373 K for 10 hours before the measurement. After cooling to 298 K, 
the samples were saturated in an NH3 stream (5% in Ar) for 30 min and consequently 
treated in Ar (30 ml/min) for 1 hour for removing physisorbed NH3. Finally, the TPD 
profile was determined by increasing temperature from 298 K to 500 K with ramping 
rate of 10 K/min while recording NH3 desorption with a thermal conductivity detector. 
 
8.2.2 Ligand and MOF Synthesis 
The ligand of 2-phenylpyridine-5,4’-dicarboxylic acid (dcppy) was first 
synthesized according to the literature.17 A mixture of dcppy (85 mg, 0.35 mmol), 
ZrCl4∙8H2O (131 mg, 0.35 mmol), and acetic acid (0.6 mL, 10.5 mmol) was dissolved in 
N,N-dimethylformamide (DMF, 9 mL) in a Teflon-lined Parr stainless vessel (20 mL). 
The vessel was sealed and place in a preheated oven at 120 oC for 24 hours. After 
cooling to room temperature, the reaction mixture was separated from the white 
crystalline powder by centrifugation and the remaining solid was washed with DMF (3 x 
10 mL). The solvent was then exchanged for methanol where the powder was left for 3 
days, replacing the solution with fresh methanol every 8 hours. 
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8.2.3 CO2 Insertion Reaction 
The methanol-exchanged UiO-67-dcppy was activated overnight at 150 oC under 
vacuum prior to the reaction. A mixture of UiO-67-dcppy (85 mg), 
chlorobis(cyclooctene)rhodium(I) dimer, [Rh(coe)2Cl]2, (12.1 mg, 0.015 mmol), 
tris(2,4,6-trimethylphenyl)phosphine, P(mes)3, (13.0 mg, 0.036 mmol) and N,N-
dimethylacetamide (DMA, 4 mL) was loaded in a Schlenk tube (50 mL) in a nitrogen 
glove box. The N2 gas in the Schlenk tube was then carefully displaced with CO2 gas by 
the Schlenk line connected to a CO2 gas cylinder. The aluminium reagent (0.3 mL, 0.6 
mmol) prepared as following was added into the Schlenk tube at room temperature. The 
mixture was heated up to 85 oC for 24 hours. 1 M HCl aq. (1.5 mL) was added and the 
solid was separated with the solution by centrifugation. The collected solid (UiO-67-
dcppy-COOH) was fully washed with DMA (6 × 20 mL) and then exchanged with 
methanol over 3 days (6 × 10 mL). 
Isotopic tracer studies: Carbon-13C dioxide (13CO2, 99 atom % 
13C) was 
purchased from Sigma-Aldrich and used in the insertion reaction as described above. 
After washing with methanol, the sample of UiO-67-dcppy-13COOH was activated at 150 
oC under vacuum for 4 hours. Approximately 25 mg of UiO-67(dcppy)-13COOH were 
directly digested with sonication in 0.75 mL deuterated DMSO and 15.0 µL HF for NMR 
study.  
To trimethylaluminium (2.0 M sol. In toluene, 2.0 mL, 4 mmol) was added 
anhydrous methanol (0.16 mL, 4 mmol) slowly at 0 oC and the mixture was stirred for 30 
min under N2 in a 10 mL one-necked flask. 
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8.2.4 Catalysis Studies 
In a typical reaction, the MOF catalysts (UiO-67(dcppy)/UiO-67(dcppy)-COOH) 
were pre-activated overnight at 150 oC under vacuum. A mixture of cyclohexene oxide 
(0.2 mmol), catalyst (MOFs: 15.0 mg; dcppy(4.6 mg)/tcppy(3.6 mg)/benzoic acid(4.6 mg) 
loaded as the same mole (0.0295 mmol) of free carboxylate group as UiO-67(dcppy)-
COOH(calculated based on the yield of ~80 %) and deuterated methanol (CD3OD, 1 mL) 
was sealed in a 4 mL scintillation vial. The reaction was allowed to stir for 48 hours at 
25 oC. At the end of the reaction, the clear solution was taken out from the mixture by 
centrifugation and used for 1H NMR measurement. The heterogeneous catalyst of UiO-
67(dcppy)-COOH was washed by methanol (6 × 10 mL) and then activated before next 
cycle. Totally four runs of catalytic studies were conducted on UiO-67(dcppy)-COOH. 
 
8.3 Results and Discussion 
Experiments were then conducted to insert gaseous CO2 into the aryl C-H bond 
of the backbone in UiO-67(dcppy), and they were promoted by a catalytic species, 
methylrhodium(I), in N,N’-dimethylacetamide as the solvent to generate the post-
modified framework UiO-67(dcppy)-COOH. As illustrated in Figure 8.2, the 
heterogeneous C-H bond activation experiment on UiO-67(dcppy) utilizes the 
combination of a rhodium catalyst and methylaluminum reagent as a stoichiometric 
reductant. The framework integrity before and after CO2 insertion were verified by 
powder X-ray diffraction (PXRD) studies. As shown in Figure 8.3, the resultant UiO-
67(dcppy)-COOH retains all the diffraction peaks from the parent UiO-67(dcppy), both 
of which are consistent with the calculated ones. These results are in line with the 
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claimed structural resistance and stability of UiO-67 toward various solvents and other 
conditions. In addition, UiO-67(dcppy) maintained its permanent porosity after insertion 
of CO2. As shown in Figure 8.4, the N2 adsorption isotherm of UiO-67(dcppy), collected 
at 77 K, indicates that it possesses a Brunauer-Emmett-Teller (BET) surface area of 
~2750 m2/g (P/P0 = 0.0001-0.1). After the insertion of CO2 into the aryl C-H bond of 
UiO-67(dcppy), UiO-67(dcppy)-COOH displays a decreased BET surface area of ~2160 
m2/g (P/P0 = 0.0001-0.1), as expected for MOFs introduced with new constituents via 
postsynthetic modification reactions.18 
 
Figure 8.2 Schematic representation of insertion of CO2 into the aryl C-H bond within 
UiO-67(dcppy). 
 
Figure 8.3 Powder X-ray diffraction patterns of calculated UiO-67, as-synthesized UiO-
67(dcppy) and UiO-67(dcppy)-COOH. 
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Figure 8.4 N2 adsorption isotherms at 77 K of UiO-67(dcppy) and UiO-67(dcppy)-
COOH.  
 
The successful insertion of CO2 into the C-H bond to form the carboxylate group 
has been initially evidenced by infrared spectroscopy studies (Figure 8.5), which reveal 
the appearance of a broad band centered at ~3300 cm-1, and corresponds to O-H bond 
stretching for the fully activated UiO-67(dcppy)-COOH sample as compared to the fully 
activated parent material of UiO-67(dcppy). The formation of the new C-C bond from the 
insertion of CO2 into the C-H bond of dcppy has also been proved by 
13C NMR 
spectroscopy (Figure 8.6). The 13C NMR spectrum of digested UiO-67(dcppy) exhibited 
one set of expected signals attributed to dcppy.  In contrast, the 13C NMR spectrum of 
digested UiO-67(dcppy)-COOH showed a unique peak at the chemical shift of ~169.5 
ppm, which is characteristic of the carbon atom in a carboxylic group deshielded by a 
nearby nitrogen atom. Moreover, an isotopic labelling experiment was employed and 
13CO2 was used as the reagent to track the fate of CO2. As illustrated in Figure 8.7, the 
as-synthesized sample of UiO-67(dcppy)-COOH directly digested in deuterated solvent 
unambiguously provides an enhanced 13C NMR signal from the resultant carboxylate 
group, and thus determines that CO2 was successfully inserted into the C-H bond of 
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UiO-67(dcppy) to form the carboxylate group. The formation of the new carboxylate 
moiety on the dcppy linker is further supported by the ESI-MS (electrospray ionization-
mass spectroscopy) spectrum of the digested UiO-67(dcppy)-COOH, and it reveals a 
dominant peak at m/z 288.1 which corresponding to the resultant linker 2-
phenylpyridine-5,2',4'-tricarboxylic acid (tcppy). High-performance liquid 
chromatography (HPLC) analysis of the digested UiO-67(dcppy)-COOH also verified the 
formation of tcppy linker from CO2 insertion into the C-H bond of dcppy linker, and 
suggests a yield of ~80% for the CO2 insertion reaction on UiO-67(dcppy). The single-
crystal structure of the separated tcppy is also obtained as the supporting evidence 
(Figure 8.8). 
 
Figure 8.5 Infrared spectra of activated UiO-67(dcppy) (black) and UiO-67(dcppy)-
COOH (red) and tcppy (blue). 
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Figure 8.6 13C NMR spectra of dcppy ligand from the digested UiO-67(dcppy) (black) 
and tcppy ligand isolated from the digested UiO-67(dcppy)-COOH (red) in deuterated 
DMSO. The extra carbon from the resultant carboxylate group is marked with purple 
arrow in the figure. 
 
Figure 8.7 13C NMR spectrum of UiO-67(dcppy)-13COOH (activated) directly digested in 
deuterated DMSO. The isotopic 13CO2 was used in the insertion reaction to generate 
the dangling labeled carboxylate group.  
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Figure 8.8 Molecular structure of 2-phenylpyridine-5,2',4'-tricarboxylic acid (tcppy) 
isolated from the digested UiO-67(dcppy)-COOH. 
 
NH3 temperature-programmed desorption (TPD) analysis was conducted to 
characterize the acidity for UiO-67(dcppy) and UiO-67(dcppy)-COOH. As illustrated in 
Figure 8.9, both MOF samples share a NH3 desorption peak in the range of 350-425 K, 
which can be attributed to relative weak Lewis acid sites from the Zr-based SBUs. 
Additionally, UiO-67(dcppy)-COOH displays an extra desorption peak at the higher 
temperature of about 450 K, and it corresponds to NH3 bound to the stronger Brønsted 
acid sites. This peak should be ascribed to the existence of the free carboxylate groups 
in UiO-67(dcppy)-COOH. 
 
Figure 8.9 NH3 temperature-programmed desorption profiles of UiO-67(dcppy) and 
UiO-67(dcppy)-COOH. 
115 
A tentative mechanism is proposed for the chemical insertion of CO2 into the aryl 
C-H bond of the UiO-67(dcppy) backbone (Figure 8.10). The reaction starts with 
generation of a methylrhodium(I) complex from rhonium(I) chloride and methylaluminum 
reagent, followed by C-H bond activation directed by chelation effect of 2-phenylpyridine 
unit (oxidative addition). Subsequently, reductive elimination of methane affords a highly 
reactive arylrhonium(I) species, which then undergoes CO2 nucleophilic addition 
reaction to give a rhonium(I) benzoate complex. The transmetalation with a 
methylaluminum reagent closes the catalytic cycle, thus forming the carboxylate groups 
on the backbone of UiO-67(dcppy). Compared to the homogeneous C-H activation by 
CO2 as a liquid-gas biphasic reaction, the heterogeneous C-H activation on the MOF 
represents a liquid-solid-gas triphasic reaction, which shares a similar reaction 
mechanism with that of a homogeneous reaction system. Nonetheless, because of the 
large pore size and pore volume of the host framework, the catalytic spices and reagent 
molecules can readily migrate from one reactive site to another, thus facilitating the 
reaction under the triphasic conditions. 
 
Figure 8.10 A representation of the tentatively proposed catalytic mechanism for 
chemical insertion of CO2 into aryl C-H bond of the UiO-67(dcppy) backbone. 
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Given the presence of free carboxylate groups dangled on the accessible inner 
surface of the framework, we investigated the resultant UiO-67(dcppy)-COOH as a solid 
state Brønsted acid catalyst in the context of an epoxide ring-opening reaction using 
methanol.19 Cyclohexene oxide was chosen as the primary substrate in the study (Table 
8.1, entries 1-7). Control experiments were performed with the parent UiO-67(dcppy), 
dcppy ligand, tcppy ligand, benzoic acid and blank. The MOF solids were pre-dried 
overnight and were then added to a CD3OD solution containing the epoxide. After 2 
days under ambient conditions, 1H NMR analysis indicated that the yield of 
methanolysis of the epoxide was as high as 85.0% when the reaction was catalyzed by 
UiO-67(dcppy)-COOH (entry 1). This outcome is in contrast with almost no conversion 
for blank control experiment (entry 6) and very low yield (36.8%, entry 2) for the reaction 
catalyzed by the parent UiO-67(dcppy). Since dcppy and tcppy have very poor solubility 
in methanol, meaning the Bronsted acid sites are not quite accessible for the substrates, 
both of them display very low yields (<5%, entry 3 and 4) in the epoxide ring-opening. 
Benzoic acid, which completely dissolves in methanol, serves as a homogeneous 
catalyst to afford a yield of about 84% for the methanolysis of the epoxide and is 
comparable to that of UiO-67(dcppy)-COOH. The recycle experiment of UiO-67(dcppy)-
COOH was conducted and a yield of about 80% was attained (entry 7), and indicates 
that UiO-67(dcppy)-COOH can be recovered and reused as a heterogeneous catalyst. 
Moreover, for ring-opening reactions of trans-stilbene oxide, which is a larger molecule,  
no activity was observed when using UiO-67(dcppy)-COOH (entry 8), and in striking 
contrast to 84.2% yield of the product is observed when just benzoic acid was used 
(entry 9). This difference can be ascribed to the size-selective pore size and pore 
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volume of UiO-67(dcppy)-COOH, as it precludes the access of larger size substrate 
molecules to the active Brønsted acid sites within the framework. These results highlight 
the essential role of the free carboxylate groups as Brønsted acid centers in UiO-
67(dcppy)-COOH to efficiently and size-selectively catalyze the methanolysis of 
epoxides. 
Table 8.1 The ring-opening reactions of epoxides by methanol.a 
Entry Substrate Catalyst Yield (%) 
1 Cyclohexene oxide UiO-67(dcppy)-COOH 85.0 
2 Cyclohexene oxide UiO-67(dcppy) 36.8 
3 Cyclohexene oxide dcppy <5.00 
4 Cyclohexene oxide tcppy <5.00 
5 Cyclohexene oxide benzoic acid 84.0 
6 Cyclohexene oxide blank ~0 
7 Cyclohexene oxide UiO-67(dcppy)-COOH 
recycled 
80.0 
8 trans-stilbene oxide UiO-67(dcppy)-COOH ~0 
9 trans-stilbene oxide benzoic acid 84.2 
10 trans-stilbene oxide blank ~0 
areaction conditions: substrate (0.2 mmol), CD3OD (1 mL), catalyst (MOF: 
15 mg; dcppy/tcppy/benzoic acid loaded as the same mole of free 
carboxylate group as UiO-67(dcppy)-COOH), room temperature, stir for 2 
days. The reaction yield is determined by 1HNMR. 
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8.4 Conclusion 
In summary, we have demonstrated for the first time the successful insertion of 
CO2 into the aryl C-H bond of the backbone in MOF to generate free dangling 
carboxylate group. The Brønsted acidity of the generated carboxylate group has been 
examined by NH3-TPD analysis, rendering the resultant UiO-67(dcppy)-COOH with 
great performances as a solid state Brønsted acid catalyst to catalyze the methanolysis 
of epoxide.  Our work thus advances a new approach of CO2 utilization as C1 building 
block, and also delineates the very first example of utilizing CO2 for direct solid-state C-
H activation and carboxylation reactions on MOF. This proof-of-concept study provides 
a different perspective for CO2 utilization on the MOF platform and enriches the current 
landscape of CO2 capture and transformation. 
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